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Harry Davis 


Harry Davis (A’44-SM’49-F’55) was born in 
New York, N. Y., on December 2, 1909. He re- 
ceived the Bachelor of Science degree in physics in 
1931 and the electrical engineering degree in 1933 
from the College of the City of New York. In 1948 
he received the Master’s degree in electrical engi- 
neering from the Polytechnic Institute of Brook- 
lyn where he has done further graduate work lead- 
ing to the Doctorate degree, in conjunction with 
courses taken at Syracuse University. 

After engaging in various commercial activities, 
Mr. Davis joined the government service in 1940 
as a project engineer, advancing later to Division 
Chief, and Laboratory Chief. His work in these 
capacities included electronic research and de- 
velopment, particularly in the fields of navigation, 


guidance, and radar. In 1952 he was appointed 
Scientific Director of the Rome Air Development 
Center at Griffiss Air Force Base, Rome, N. Y. 
He is responsible for the technical direction of a 
large-scale program in the development of ground 
electronic equipment and systems. 

During 1955 he was an instructor in graduate 
courses in electrical engineering at Columbia Uni- 
versity, New York. He is now a member of a study 
group which assists the staff of the Secretary of 
Defense in special studies involving the evaluation 
of weapon systems. 

He is a member of Sigma Xi, the American 
Physical Society, the American Association for the 
Advancement of Science, the American Ordnance 
Association, and the Institute of Navigation. 
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Guest Editorial 


the PGMIL TRANSACTIONS, the editors de- 
cided to prepare an edition which would 
stress Space Technology, covering those aspects 
which might be of general interest to all members 
of the IRE and, more specifically, to those who 
because of their interest in Military Electronics 
joined the PGMIL. 
Not that it is necessary to stress the Space Age. 
A dramatic illustration of this was noted recently 
in a local essay contest held for teenagers. The 
topic of the essay was ‘“‘The Space Age and What 
It Means to Me.” I considered this to be not quite 
the most original topic and, acting as a judge, was 
prepared for the usual type of essay that such an 
imaginative subject would produce. Quite sur- 
prisingly, therefore, I and the other judges found, 
buried among run-of-the-mill papers containing 
fanciful ideas and trite generalities, several essays 
expounding ideas which may, with considerable 
hazard, be termed exceedingly delightful fantasies. 
Other contestants concentrated upon the realities 
of life on this earth and stressed the fact that old 
Mother Earth will be our home and, by far, our 


i FTER publication of two excellent issues of 


most important home for a very long time. 

The lesson we can learn even from these children 
is that although we may venture mentally into 
space at a pace faster than is permitted by our 
present hardware, the bulk of our work will re- 
main in a region surrounded by and permeated 
with our earth fluids of various physical character- 
istics. True, military electronics will lead the way 
into an expanding space technology, but even in 
military electronics there is much to be done “on 
earth as it is in heaven.” 

Why, then, a Space issue? Primarily, it is felt 
that the military engineer must be and is the 
most versatile among scientists. Secondly, in his 
daily activities, he may not be exposed to newer 
concepts in other technologies which may affect 
his future work. A knowledge of the dynamics of 
satellites and planets and of the solar system and 
the universe is and will continue to be important 
to the military engineer. Finally, in recognition 
of the innate curiosity of the electronic engineer 
and, to the satisfaction of that curiosity, that 
thirst for knowledge beyond his own specialty, 
this issue is dedicated.—Harry Davis. 
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Our Interest in Space and Its Technology* 
H. GUYFORD STEVER} 


Summary—The urge to learn more about the space surrounding 
the earth has been strong throughout mankind’s recorded history, 
the incentive coming sometimes from primitive religion, sometimes 
from scientific curiosity, and ofttimes from a love of natural beauty. 
Today we can add to these the incentive of our newly acquired 
capability of penetrating into this space with instrumented and 
manned vehicles. We already know much about the solar system and 
a little about the universe beyond. We have some knowledge of 
the physical existence and the motion of the planets and their satel- 
lites, the asteroids, the comets and the meteors; the composition of 
these bodies is also somewhat known. The nature of the electro- 
magnetic and particle radiations from the sun and extra solar system 
sources are less completely known and will be the continuing ob- 
jective of some of our early scientific explorations of solar space. 


N this first year of successful space flight, a large 
| number of people, scientists and nonscientists alike, 

have studied enthusiastically the space surrounding 
the earth and, in fact, the entire cosmos. Much of what 
they have learned is knowledge inherited from the past, 
and not knowledge acquired during this first year of 
space technology nor even in recent decades. They have 
realized that this generation is not distinguished by a 
greater interest or by a disproportionately large contri- 
bution to knowledge about the space around our earth. 
We are, however, the first to possess the capability to 
explore it by inhabited or uninhabited vehicles under 
our control. 

The beauty and inspiration of the heavens have been 
shared by all men in the past. Possibly the heavens were 
more important to the past than to the present. Cer- 
tainly early man’s attention to the heavens in relation 
to his primitive religion gave him a motivating interest 
which we do not have today. Early man assigned his 
primitive gods to homes on the planets, the wanderers, 
in the heavenly skies. The urge to observe, to record, 
and to predict the motion of the planets was a strong 
one because it pertained to religion in early civilizations, 
particularly those in the eastern Mediterranean, Baby- 
lonia and Egypt, and this motivation persisted through 
the middle ages until the postulation of the heliocentric 
theory of the universe and the birth of modern science. 

The beauty and the mystery of the cosmos fired man’s 
creative imagination; ancient literature and folklore is 
rich in the ideas and stories of space flight and space 
travel. In ancient days, when the space between heav- 
enly bodies was thought to be filled with air, space 
flight was just an extension of bird flight. One of the 
early examples of this type of tale is the legend of 
Daedalus and his son Icarus, who flew on wings con- 

* Manuscript received by the PGMIL, September 8, 1958. Many 
of the ideas and descriptions in this article are to be published in less 
abbreviated form as a chapter in the forthcoming book, “Space 
Technology,” Howard Seifert, ed., John Wiley and Sons, Inc., New 
York, N. Y. 
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structed of wax and bird feathers in their attempt to 
escape from imprisonment on Crete to return to their 
home on Sicily. Icarus flew too close to the sun, melted 
the wax holding his wings, and fell to his death into the 
sea off Greece. Another story was of King Bladud, tenth 
legendary king of England, founder of Bath, and father 
of the King Lear of Shakespeare’s tale, who was said to 
have been killed in a flying attempt. Other authors, 
particularly Lucian, a second-century Greek satirist, 
wrote of very imaginative trips among the planets and 
stars. Cicero, the great Roman lawyer and statesman, 
in his book “Die Somnium Scipionis,” described in a 
dream of Scipio a trip which started in the ancient city 
of Carthage and ended with a completely cosmic view 
of the universe. It is interesting to note that the great 
nonscientific minds of those days were well informed of 
the latest concepts of the universe, which were held by 
the natural philosophers; it is particularly interesting 
that Cicero mentions a “milky circle” which has in it 
“stars which we will never see from the earth, all larger 
than we have ever imagined.” Also, Plutarch, best 
known as a great biographer, wrote a description of the 
physiognomy of the moon in his “De Facie in Orbe 
Lunare.” 

Tracing the many threads of man’s interests in the 
cosmos from the early child-like curiosity of simple peo- 
ple to the more complicated observations, calculations, 
and predictions of stylized religions, on to the disciplined 
theorizing of the early Greco-Roman natural philoso- 
phers, to the unification of the basic principles during 
the Renaissance and the birth of modern science, to the 
deepening understanding of astrophysicists of the pres- 
ent day, we see that one of the most compelling and 
constant reasons for learning more about the space sur- 
rounding the earth is so that it could be used as an ex- 
traordinary scientific laboratory. The fund of obser- 
vational data, which started with the ancient religions, 
was carried on by the astrologers and by the early 
astronomers, including Copernicus, Kepler, and Brahe, 
was inherited by those great physicists, Galileo, New- 
ton, and others, and served for them as superb scientific 
data. The roots of the laws of motion and the law of 
gravitation are in those studies. The early development 
of scientific instruments, such as the telescope and the 
spectroscope, owe much to their use in the studies of the 
motion and the nature of the heavenly bodies. 

Our current interest in space technology, or at least 
that part of space technology which has to do with 
space flight, is of course the solar system. To be true, 
the solar system is a minute part of the universe, but we 
will concentrate on it, for it can now be reached by 
vehicles designed on the basis of our current technology. 

Now that mankind has this capability, there is a 
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whole new set of reasons why man will push into outer 
space. Many of these have nothing to do with science. 
One motivating force is curiosity, which is strong in 
scientists, but another more universal motivation is a 
love for adventure Some men have a love for adventure 
and a natural desire, which they cannot explain but only 
must satisfy, to explore new things. Often what they 
explore eventually proves to be of great importance to 
mankind, but that is not the reason they explore it. 
They are challenged simply because it is something to 
do which satisfies them. When this exploration of the 
solar system has taken place, and when men are able to 
travel to outer space, who knows what mankind will do 
with this capability? If one takes a very long-term view, 
there is a certainty of the eventual use of other parts of 
the solar system for gainful purposes; our generation 
cannot foresee these uses in detail. 

What is the state of our knowledge of this cosmos 
which we have inherited from these thousands of years 
of studies by men? Most of us who were trained in 
modern science and engineering have a rather stand-pat 
concept of the solar system and the universe beyond the 
solar system. It is well to reexamine this, for already 
in this first year of space exploration some new data 
have been changing and adding to our ideas about the 
space around us. 


THE SOLAR SYSTEM 


Normally we think of the solar system in terms of the 
sun and the nine planets, together with their various 
moons. These planets in their almost circular, elliptical 
trajectories around the sun, together with the sun itself, 
account for most of the material of the solar system. 
The sun itself, with its diameter of 865 thousand miles, 
contains more than 99 per cent of all the matter of the 
solar system. Most of the rest of the matter is contained 
in the planets, particularly Jupiter and Saturn. Uranus 
and Neptune are respectable, medium-sized planets, 
while Earth, Venus, Mars, Mercury and Pluto are as- 
signed to the smaller group. In numbers, however, there 
are many more bodies, including the asteroids, the com- 
ets, the meteors, and interplanetary dust. In addition, 
there is a great deal of electromagnetic and particle 
radiation which is an important part of the content of 
the solar system. 


THE SUN 


The sun, with its more than 99 per cent of the mass of 
the solar system, naturally falls at the center. It is the 
source of a great deal of energy radiated primarily in 
the form of electromagnetic energy but, in part, in the 
form of particle radiation. This radiation greatly affects 
all that happens in the solar system, with the exception 
of the mechanical motion of the planets and other bodies 
about the sun, which is, of course, determined primarily 
by the universal law of gravitation and Newton’s laws 
of motion, and depends upon the inert mass and the 
velocities of the bodies. 


MILITARY ELECTRONICS December 


The sun has a diameter more than 100 times that of 
the earth, is 93 million miles away, and has a third of a 
million times more mass than the earth. The center of 
the sun had a density seven times that of lead, and in 
the center there is a pressure possibly of a billion tons 
per square inch and a temperature of 20 million degrees 
Centigrade. In this atomic furnace the nuclei collide 
with such velocities that transformation from atomic 
species to others is made. There are complex nuclear 
reactions which in their total use up the most plentiful 
element in the sun, hydrogen. From hydrogen, heavier 
nuclei are built and there is, as a result of this fusion, 
a release of enormous energies. A calculation has been 
made that 564 million tons of the sun’s hydrogen are 
transmuted every second into 560 million tons of helium 
and 4 million tons of energy. This energy flows out to 
the surface and is radiated primarily in the form of 
electromagnetic radiation. Here on earth that radiation 
keeps life going, yet we intercept of the order of a bil- 
lionth part of all the sun’s radiated energy. 

The surface of the sun, the so-called photosphere, is 
a gaseous envelope perhaps 200 miles thick. In the outer 
portions of this atmosphere the gases shine only faintly; 
at the bottom of the atmosphere they are intensely 
bright. The density of this thick atmosphere is not great, 
possibly a millionth of the density of air at sea level 
here on the earth. The pressure, in fact, is only about 
one-fifth of our sea level pressure, but of course the 
temperature is very high, 6300 degrees Centigrade. At 
the top of the photosphere the temperature drops prob- 
ably to 1400 degrees and the density and pressure are 
decreased correspondingly. Furthermore, the gas at the 
top is quite transparent to the radiations from the lower 
levels of the photosphere. 

Outside the photosphere is the chromosphere which 
is a turbulent, rarified atmosphere extending 5000 miles 
or more above the photosphere. It is in this chromo- 
sphere that the great solar storms and prominences, 
which appear like great protruding flames, occur. Out- 
side this chromosphere is a very faint corona reaching 
millions of miles off in some directions. The speed of 
molecules in this corona is very great, indicating tem- 
peratures possibly 500 thousand degrees absolute. As 
viewed from a great distance, this corona might even be 
considered to stretch out to beyond the closest few 
planets. 

The electromagnetic and particle radiation from the 
sun is not entirely steady; irregularities of this radiation 
cause perturbations in many phenomena throughout the 
solar system. 

A good example of this can be seen from the effects 
which occur when a large solar flare occurs on the sur- 
face of the sun. These solar flares seem to be associated 
with sun spots, which are the black spots on the face of 
the sun, the great vortical motions within the sun’s at- 
mosphere; the sun spots cross the sun from east to west 
and vary from year to year in intensity and number, 
apparently with an eleven-year half-cycle. 
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Solar flares dissipate immense energies in a few min- 
utes. Almost immediately after a solar flare occurs, the 
shortwave radio communication blacks out on the earth, 
at least on the daylit hemisphere of the earth. Also, 
solar radio noise increases. In a few minutes the solar 
flare will have generated light which is many times as 
bright as the surrounding regions of the sun; then the 
flare will die down in a few hours. 

There are also some delayed effects of solar flares. 
About a day after the occurrence of a solar flare, a 
magnetic storm will occur which will disrupt the mag- 
netic field of the earth. It will trouble wireless communi- 
cations for days thereafter. Also, about a day after a 
solar flare the auroral activity will increase greatly. 

The current theory concerning the nature of the sud- 
den release of energy in solar flares is that in the tenuous 
gas in the sun’s chromosphere the moving electrically- 
charged particles of gas distort the magnetic field lines 
and store energy in the twisted lines, the pressures of 
which are resisted by the pressures in the gas, until 
finally a great amount of energy is stored. Suddenly an 
instability sets in and all this energy stored in the elec- 
tromagnetic field is dissipated in a short time and radi- 
ated primarily in the form of electromagnetic energy but 
partially in the form of ionized particles and electrons. 


TERRESTRIAL SPACE 


Clearly from the above description the particle and 
electromagnetic radiations from the sun have a great in- 
fluence on the space immediately surrounding the earth. 
Many of the particles and radiations are absorbed in 
the upper reaches of the earth’s atmosphere. This at- 
mosphere acts as a protective blanket for the plant and 
animal life on the earth. The harmful X rays and ultra- 
violet rays from the sun are absorbed, as are most of 
the cosmic rays and meteors. Many of the effects of the 
solar flare result from a change in the electrical layers 
in the upper atmosphere which in turn change radio 
transmissions. In addition, the circulating electric cur- 
rents outside the denser portion of the atmosphere 
which are responsible for part of the earth’s magnetic 
field are changed. The incoming particles from the sun, 
as they spiral in around the earth’s magnetic field lines, 
also cause ionization in the upper atmosphere leading 
to the radiations which are associated with the earth’s 
aurora. 


ASTEROIDS 


There are thousands of asteroids, or little planets; 
which have already been detected. The first and largest 
one, Ceres, was discovered by Piazzi on the first and 
second days of the nineteenth century. A few years later 
Pallas, Juno, and Vesta had also been found and plotted. 
By the middle of the twentieth century more than 
fifteen hundred of these asteroids were tabulated and 
registered. 

The typical orbit of an asteroid is almost circular and 
is located part way between Mars and Jupiter. The 
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numerous asteroids which occur in this region seem to 
indicate they were formed by the violent destruction of 
a planet or, possibly, they are evidence of a planet 
which never quite coagulated. Modern theory seems to 
indicate that the latter is more likely. There are some 
asteroids, however, with orbits quite different from the 
typical asteroidal region. Hidalgo, for example, has a 
highly eccentric orbit in which its perihelion is closer to 
Mars than the typical asteroid orbit, and its aphelion 
stretches almost out to the orbit of Saturn. 

There have been many estimates of the number of 
asteroids which have existed, and attempts have been 
made to determine the range of sizes. There seem to be 
about two hundred with an absolute magnitude of seven 
or less and the estimates range up to 30 thousand to 80 
thousand with magnitudes greater than 19. Possibly 
there is as much matter in the form of asteroids as there 
is matter in the earth, though more likely the mass of 
the moon is a good comparison. The large asteroid 
Ceres has a diameter of almost 500 miles which, as you 
see, makes it not very different from the size of the 
moon, Ceres being one-fifth of the diameter of earth’s 
moon and, in fact, one-seventh the diameter of the 
planet Mercury. Only one of these asteroids, Vesta, is 
visible with the naked eye; this is not because it is 
larger than Ceres, but because it has a greater surface 
reflectivity. 

Some of the more recently discovered asteroids have 
orbits passing reasonably close to the earth. One such 
asteroid, Eros, actually passed inside the oribit of Mars 
and, in its closest approach, came within 15 million miles 
of the earth. Apollo, Adonis, Hermes, Icarus, and others 
have actually come closer, with Hermes passing with- 
in 500 thousand miles of the earth, or just about twice 
the distance from the earth to the moon. Asteroids 
which come close to the earth, however, are rather small 
in size. 


COMETS 


Comets in recorded history have occasionally been 
spectacular. Our generation has not yet been treated to 
the most spectacular comets as have previous genera- 
tions, but even the less impressive ones are interesting. 
Comets have been recorded for centuries. For example, 
Halley’s comet was recorded in Japan and China every 
time except once since 240 B.C., appearing at approxi- 
mately seventy-five year intervals. Apparently Halley’s 
comet is the one pictured in the ancient Bayeux tapes- 
try; it was also considered to be an ill omen for the Sax- 
ons in the battle of Hastings in 1066 A.D. 

The orbits of comets vary greatly, both in their ec- 
centricity and the angle between their orbital plane and 
the ecliptic, and even in the direction of motion about 
the sun. Some comets have almost circular orbits while 
others have orbits of great ellipticity going from peri- 
helion close to the sun to aphelion far, far out beyond 
the farthest planet. Some have orbits which are almost 
hyperbolic; in fact, some orbits can be perturbed by a 
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proper combination of gravitational influences by the 
planets, particularly Jupiter and Saturn, to change their 
orbit slightly from elliptical to hyperbolic, and so be- 
come lost to the solar system. 

In appearance comets vary a great deal, but a typical 
comet appears first in the sky as a diffused spot of light. 
As it comes closer to the sun it seems to grow a tail 
pointing away from the sun. Some of these tails are ex- 
tremely long. For example, the tail of Halley’s comet in 
1910 was about 30 million miles long when it passed 
perihelion and reached a maximum length of about 
100 million miles somewhat later. This distance is 
greater than the distance from the sun to the earth. 
There is usually a bright nucleus in the center of the 
coma which is a diffused area about the nucleus. Tails 
are varied in shape and size; sometimes they have multi- 
ple structures. 

The composition and structure of comets, in a theory 
which is of relatively recent origin and due largely to 
Whipple, is a mass of material loosely amalgamated, 
the material consisting of small solid particles frozen 
together in an ice of water, methane, ammonia, and 
possibly cyanogen and carbon dioxide. The nucleus of 
comets is not necessarily very large, Halley’s having 
been estimated to be as low as 1500 feet in diameter and 
certainly not more than a mile. When these comets are 
far away from the sun they consist of the loosely amal- 
gamated particles in the frozen ice. Possibly in the 
farthest reaches of the solar system they pick up addi- 
tional matter by collision with particles and gaseous 
clouds. As they approach quite close to the sun, the 
sun’s heat melts the ice and soon it evaporates; vapors 
are emitted in a very irregular process. Presumably the 
emitted vapors and particles make up the coma and 
tails of these comets. The reason why the tails are always 
away from the sun is not completely understood, but is 
due probably to a combination of light pressure, the 
collision of the tail particles with particle emanations 
from the sun, as well as electromagnetic forces. 


METEORS 


There are many solid bodies in the solar system which 
are much smaller than the comets and asteroids. In fact, 
many of the small particles which make up comets are 
in the class of these smaller bodies. When these particles 
hit the atmosphere they form the typical meteor trail. 
Possibly a billion meteors strike the earth’s atmosphere 
each day; most of them are small specks of material 
which burn up in the air rapidly and are not visible. A 
very small number are large enough to penetrate the 
atmosphere and hit the earth somewhere. Once in a 
great while a very large one hits the earth, causing a 
great deal of damage, creating a great crater, and de- 
stroying things far away from the crater by the blast 
caused by high-speed passage through the air. The speed 
of these meteors varies a great deal, the average being 
30 miles per second. Most of them vaporize completely 
while up in the atmosphere near the ionosphere, some 
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40 to 60 miles above the earth. The incandescent gas in 
the trail of the meteor is often spectacularly visible. 

Many meteors are independent of meteor showers, 
but a large number of them are associated with showers 
which in turn are associated with comet orbits. Appar- 
ently the meteors associated with comet orbits are the 
loose solid particles which have been separated from the 
comet. Some comets which have completely disap- 
peared still have associated with their orbits a number 
of particles which, when the earth’s orbit crosses that of 
the comet, creates a meteor shower. A very spectacular 
meteor shower occurred in 1833, the Leonid. It was also 
spectacular in 1866, but in 1899, the next time that the 
orbit of the earth crossed the orbit of the comet in a 
position where many particles normally were, the 
showers seemed to have been deflected by the gravita- 
tional pull of other planets. There are other well known 
meteor showers, the Perseids, the Lyrids, the Androm- 
edes, and others. 


INTERPLANETARY DUST 


There is a great deal of material in the solar system 
which is best described as interplanetary dust. This can 
be observed by spectroscopic and optical observation. 
It creates a very faint glow in the night sky and is par- 
ticularly concentrated in the plane of the ecliptic. It is 
thought that much of this dust, possibly supplied from 
the outer regions of the solar system and carried in by 
comets, is falling in toward the sun. 


LIFE IN THE SOLAR SYSTEM 


Throughout history there has been great hope of 
finding life within the solar system on planets other than 
earth. In ancient days the gods were thought to live on 
the planets. Great men dreamed and wrote of civiliza- 
tions on the planets and stars. Even as late as 1877 when 
Schiaparelli discovered the canals, the straight-line 
markings, on the face of Mars, there was a flurry of ex- 
citement which lasted for decades over the possibility 
of finding intelligent life on Mars. 

Today we are much less expectant. The conditions 
which we know from observations to exist on the various 
planets leads us to expect that intelligent life does not 
exist on other planets. Possibly on Mars there is a very 
simple plant life. Other than that, conditions are not 
very good. With respect to space travel, this is one of 
our greatest disappointments, because the possibility of 
meeting other forms of animal life would be a tremen- 
dous spur to the imagination, and a driving force to 
achieve manned space flight quickly. 


THE UNIVERSE 


The universe stretches far beyond the solar system. 
Our sun is out toward the rim of an average spiral 
nebula, the Milky Way, which is made up of possibly 
100 billion stars and great dark clouds of interstellar 
dust and gas. We are about 26 thousand light years (a 
light year is about 6X10” miles) from the center, and 
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we will rotate about it in 200 million years. The whole 
diameter of the Milky Way is from 100 thousand to 300 
thousand light years and it is-25 thousand to 40 thou- 
sand light years thick. 

Beyond our galaxy there are countless galaxies and 
clusters of galaxies stretching out at least to the limit of 
vision with the largest telescope, about two billion light 
years. 

When one considers that we are now straining to get 
our space vehicles out a few hundred miles from the 
earth, it becomes clear that mankind will not soon run 
out of incentive. In fact, to travel to the nearest star is 
a job far beyond our current capability. That star, 
Proxima Centauri, is about four and one third light 
years away. The current obstacle to man’s travel to 
such a distance seems to be a limited life span and the 
limiting speed of travel, the velocity of light. There are 
some practical rocket motor problems, as well as the 
problem of storing sufficient energy per unit mass of fuel 
to attain anywhere near the velocity of light. Perhaps 
when we achieve nuclear reactions which result in 100 
per cent conversion of fuel mass into energy, instead of 
the one per cent efficiency of the fusion process and the 
0.1 per cent efficiency of the fission process, our pros- 
pects for travel to the nearest stars will be sufficiently 
improved for a try. 

In the meantime here within the solar system there is 
first the challenge to learn more about it by scientific 
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and manned exploration. Not far behind such a Ne 
lenge comes that of putting our space capabilities to use. 
Along this line the only nonmilitary proposal which so 
far has evinced considerable interest is that of estab- 
lishing communication relay stations on satellites. For- 
tunately this practical application is attainable with 
relative ease. 

Beyond the scientific, military and simple nonmili- 
tary applications of our space travel capability, most of 
us are confident that as we further the development of 
the capabilities we inherited from past generations of 
science and technology, there will unfold many practical 
uses which we can will to the future. 
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Summary—This paper is mainly concerned with four general 
topics of importance in astronautics: 

1) Basic laws of celestial mechanics. The subjects covered are: 
Kepler’s laws and their Newtonian redevelopment, the orbital ele- 
ments, and perturbations. 

2) Lunar and interplanetary flights. A typical earth-moon transit 
trajectory, computed by automatic machine, is discussed. Guidance 
accuracies required for lunar impact are illustrated. Circumlunar 
flights, lunar satellites, and interplanetary flights are also briefly 
discussed. 

3) The space environment. Among the subjects covered are: 
the distribution and characteristics of dust and meteoric material in 
the solar system; asteroids; comets; molecular, atomic, and sub- 
atomic particles in space; the possible lunar atmosphere and iono- 
sphere; extraterrestrial radio noise; and the magnetic fields of the 
earth and sun. 

4) Scientific experimentation in space. Useful subjects for experi- 
mentation are: refinement of our knowledge of basic constants such 
as the value of the astronomical unit; observation of the atmospheric 
and surface conditions of the moon and of our neighbor planets; 
increased observation of matter and radiation in space. 


INTRODUCTION 


HOSE who first venture into space will, unlike 
obese navigators pushing across unexplored seas, 

find that much of the region to be traversed has 
already been charted and something of the character 
of both space itself and potential destinations in space 
is known. But there is always the difference between in- 
direct knowledge and first-hand experience, and this 
difference undoubtedly will show up trenchantly on 
the first flights into space. 

Before entering into details, a few important basic 
differences between space environment and terrestrial 
environment should be mentioned and kept in mind in 
our discussions of space. First, the configurations of 
bodies in space are never static; relative distances are 
always changing. Second, the description of the solar 
system in terms of distances alone is inadequate. The 
astronaut must think also in terms of all the orbital 
elements: the eccentricities, the inclinations, the nodes, 
the epochs, and the perihelions as well as the semimajor 
axes. The third general difference is the relation be- 
tween energy expended and distance traversed. In space 
this will be completely unlike anything in terrestrial 
experience. Fourth is the matter of the scale of space. 
It is always most difficult to visualize the tremendous 
distances involved. A fifth difference is that space travel 
will be performed in vehicles which are intermediate in 
size between the small particles in free space and the 
massive planets. While the motions of the latter are in- 
fluenced only by gravitational forces (Newtonian and 
relativistic), the small particles are, in addition, subject 
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to magnetic, electrical, and radiation forces. It is to be 
expected that future space ships will, as intermediate- 
sized bodies, experience to some extent the effects of all 
of these forces. 

There are many possible ways to classify space- 
flight activities, such as powered and ballistic, manned 
and unmanned, scientific and military, etc. One of the 
most useful of these ways is to order space flights by 
flight mission. 

The main categories of activities of general interest are 
earth satellites, lunar flights, and interplanetary flights. 
Let us first consider the gross dimensions of these flight 
classes. 

In the case of satellites the distance parameter of 
interest is orbit altitude. This can range from about 
100 miles to about 1,000,000 miles. Beyond about 
1,000,000 miles from the earth, the sun’s field will dis- 
turb the vehicle to such an extent that the term “earth 
satellite” tends to lose its meaning. The time parameter 
of interest is orbit period; this will range from about 
13 hours to about 8 months. 

Lunar flight distances are, of course, roughly the 
distances from earth to moon—about 240,000 miles. 
Flight times will range generally from about one day to 
one month or more. 

The interplanetary theater starts at a distance from 
the earth of about 1,000,000 miles and extends to the 
orbit of Pluto, nearly 5,000,000,000 miles at maximum 
displacement. Flight times would fall roughly in the 
range of one month to 50 years. 

In the category of satellites we have two principal 
types: nonrecoverable satellites, and recoverable satel- 
lites. 

The nonrecoverable earth satellite is now a familiar 
system. Its feasibility has been established beyond any 
reasonable doubt. 

The recoverable satellite is so contrived that all or 
part of the satellite is perturbed by an on-board rocket 
so that it returns to the surface of the earth. 

The lunar flight category can be broken down into 
the following principal missions: 


1) Impacts on the moon. 

2) Nondestructive landings on the moon. 
3) Artificial satellites of the moon. 

4) Circumlunar flights. 


Interplanetary flight would, in turn, involve execu- 
tion of the following: 


1) Impact on the planetary surface. (Impact here has 
its usual meaning—a destructive collision.) 
2) Land intact on the planetary surface. 
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3) Set up an artificial satellite of the planet 
4) Orbit around the planet and return to earth. 
5) Set up interplanetary space buoys. 


Basic LAws OF CELESTIAL MECHANICS 


Celestial mechanics, which is the basis for the deter- 
mination of orbits or trajectories in space, is usually 
thought of as beginning with the publication of the 
“De Revolutionibus,” by Copernicus, in 1543, although 
the subject has important roots nearly two thousand 
years before this date. 

A second major step was made by Kepler in his 
discovery of the laws of planetary motion (see Fig. 1): 


|. Ellipse law: 


2. Laws of areas: 


UUTVNALUNNOU00000000 0001 te 


3. "Harmonic law": 


Fig. 1—Kepler’s laws. 


1) The orbits of the planets are ellipses with the sun 
at one focus. 

2) The line joining the planet to the sun sweeps over 
equal areas in equal intervals of time. 

3) The square of the period (P) of a planet is propor- 
tional to the cube of its mean distance (a). 


In Kepler’s third law the period, usually designated 
by P, is the length of time it takes the planet, comet, or 
today, satellite, to travel around its orbit. The mean 
distance, a, is sometimes called the semimajor axis (see 
Fig. 1) and is in fact the average of the greatest and 
least distances, the perihelion and the aphelion distances 
in heliocentric orbits, or the perigee and apogee distances 
in geocentric orbits. 

With his law of universal gravitation and his laws of 
motion, Newton was able to rederive the Keplerian 
laws of planetary motion. In doing so he found it neces- 
sary to modify them in significant ways. 

1) Kepler’s laws define the motion of a planet exactly 
only if it is alone with its sun in the universe. Every 
other object in the universe will disturb the simple 
Keplerian motion, producing what we call perturbations. 
In Fig. 2 we see the effect of an extremely large pertur- 
bation. A comet or minor planet is traveling around the 
sun in Keplerian orbit A. One time, when it is crossing 
the orbit of Jupiter, it finds Jupiter nearby, at J. 
Jupiter’s attraction is momentarily very large, causing 
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the disturbed object to be hurled off toward the sun in 
a new direction. After it is safely past Jupiter the sun’s 
attraction again becomes predominant, and the object 
thereafter travels in orbit B. Of course the attraction of 
Jupiter is never negligible, and so is progressively chang- 
ing the orbit, though more gradually than in the illus- 
tration. 


B 


: KR 
siete, 


Fig. 2—Perturbations. 


2) Newton showed also that Kepler’s laws would be 
exact for a two-body system only if the two bodies were 
homogeneous in spherical concentric layers. Because 
of its rotation, the earth is not perfectly spherical, but 
bulges out at the equator. The bulge will introduce 
perturbative forces on the moon or an artificial satel- 
lite. These cannot be resolved into a single force acting 
from the center of the earth. The bulge perturbations 
of the orbit of an artificial satellite are much larger than 
those caused by the sun or the moon. 

Other forces that may be treated as perturbations, 
when they are not too large, include thrust, drag, and 
other aerodynamic forces, and possibly electromagnetic 
forces, radiation pressure, and the modifications intro- 
duced into the gravitational field by Einstein mechanics. 

3) Kepler’s laws, in Newton’s redevelopment, emerge 
as integrals of the two-body problem. There are many 
other useful integrals, of course, and at least one of 
them has such a simple form as to be especially useful 
in the solution or interpretation of orbit problems. It is 
the vis-viva, or energy integral, which expresses the fact 
that the sum of the kinetic and potential energies is 
constant: 

2 1 
YVOos k(m + m2) & == -). 
if a 
In this equation, & is the gravitational constant, m, and 
my, are the masses of the two bodies, a is the semimajor 
axis, V is the velocity, and 7 is the distance from the 
focus. 

4) Newton found that in the two-body problem the 
ellipse was not the only possible orbit. Parabolas and 
hyperbolas were also possible orbits. The addition of 
parabolas made it possible for Newton to show that the 
comets, which travel in nearly parabolic orbits, obey 
the same laws as the planets. 

For illustration, let us suppose that a circle is the 
orbit of a satellite somewhat above the surface of the 
earth, with a velocity just under 5 miles per second. If 
the velocity were cut to 3 miles per second, the satellite 
would fall inward on a smaller ellipse until it encoun- 
tered the surface of the earth. Conversely, if we in- 
creased the velocity of our projectile to 6 miles per 
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second, we would find that it would rise up on a 
larger ellipse. If next we think of the velocity as in- 
creased to 7 miles per second along the same horizontal 
tangent, we find that the object will travel off on a parab- 
ola, never slowing down enough to return. This critical 
velocity, approximately 7 miles per second, is called the 
“velocity of escape.” It is the same whether the direction 
of projection is horizontal, vertical, or some angle in 
between. A velocity of 8 miles per second would carry 
the projectile off on a hyperbola; still higher velocities, 
on more nearly rectilinear hyperbolas. 

The so-called velocity of escape applies strictly only 
if we neglect all other forces in the field. With a velocity 
of 7 miles per second a projectile would escape, at least 
temporarily, from the earth, but not from the sun. As it 
receded from the earth, in any direction, its velocity 
would quickly drop off nearly to zero. But with its 
geocentric velocity nearly zero, its heliocentric velocity 
would be nearly the same as that of the earth, 7.e., 184 
miles per second in a direction approximately at right 
angles to the direction of the sun. And so the escaped 
vehicle would take up a nearly circular orbit around the 
sun closely approximating that of the earth. 


THE ORBITAL ELEMENTS 


A two-body orbit, as illustrated in Fig. 3, is specified 
by six constants, called the “elements” of the orbit. 
Three of these elements have to do with the orientation 
of the orbit in space, and require that we specify arbi- 
trarily a reference plane, and in that plane a reference 
direction. For geocentric orbits we use the plane of the 
earth’s equator and the direction of the vernal equinox. 
(For heliocentric orbits the reference plane is usually 
the ecliptic plane, z.e., the plane of the earth’s orbit.) 
The intersection of the orbit plane and the equator 
plane, in the geocentric case, is called the line of nodes. 
The ascending node is the point at which the object 
passes from the south side to the north side of the equa- 
tor, and the descending node is the point at which it 
passes from north to south. Three angles that may be 
used for orientation elements are, then: 


Q=the longitude of the node, or the angle between 
the directions of the vernal equinox and the 
ascending node, 

14=the inclination, or the angle between the two 
planes, 

w =the argument of perigee, or the angle in the orbit 
plane between the direction of the ascending node 
and the direction of perigee. 


The remaining elements specify the size and shape 
of the orbit and the time at which the orbit is at some 
specified point. These may be: 


a=the mean distance or semimajor axis. 

e=the eccentricity, which may be defined as the 
distance from the center of the ellipse divided by 
the semimajor axis. 

T =the time of perigee passage. 
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These six constants often are replaced by others in 
part or altogether. For example, orientation unit 
vectors, P, directed to perigee, Q, parallel to velocity 
vector at perigee, and W, perpendicular to the orbit 
plane and making up a right-handed system with P and 
Q, often are used as orientation elements in place of Q,7,. 


sepou/ }0 aul) 


Fig. 3—The elements of an orbit. 


PERTURBATIONS AND PRECISION 


Two-body orbits and elements are very useful if the 
perturbing forces are not prohibitively large. Often 
the perturbing forces may be reduced greatly by rela- 
tively simple devices. For example, the attraction of the 
sun on the moon is approximately twice that of the 
earth. If the earth and the moon were stationary, the 
sun would quickly pull the moon away from us. But 
most of the sun’s attraction is used up in pulling the 
moon into approximately the same curvilinear orbit as 
that of the earth. What is left over is only about 1/100 of 
the earth’s attraction. Consequently, as the first ap- 
proximation, the moon’s orbit around the earth is 
approximately a Keplerian ellipse. A perturbation as 
large as 1/100th of the primary acceleration, however, 
is extremely large, and the accurate determination of 
the moon’s orbit is a very complicated matter. 

Two well-known perturbations of satellite orbits due 
to an equatorial bulge of the central body are 1) regres- 
sion of the nodes, and 2) advance of the perigee. That 
is, the nodes gradually move in a direction opposite to 
that of the orbital motion, while the perigee gradually 
moves in the same direction as the orbital motion. 
Perturbations due to drag cause a gradual decrease in 
the eccentricity and semimajor axis of an orbit. In 
many cases, the magnitude of these “secular” perturba- 
tions can be calculated to a good degree of approxima- 
tion. 

There are several different methods for handling 
perturbations. In one of them we make no reference 
whatsoever to auxiliary ellipses, but simply integrate 
the total acceleration, in order to follow the path. This 
process, used with numerical integration, is called 
Cowell’s method. It has been used in lunar trajectory 
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work almost exclusively. A second way to handle per- 
turbations is to calculate from the position and velocity 
at any point in the actual path the elliptic orbit that 
would be followed if at that point all perturbations were 
suddenly to cease. The differences between the actual 
accelerations and the “two-body accelerations” in this 
“osculating” ellipse are then integrated to find a cor- 
rection to a position in the two-body orbit that will give 
the position in the actual orbit. When numerical inte- 
gration is used, this method is referred to as Encke’s 
method. It is especially effective when the perturba- 
tions are small. After a time, however, the perturbations 
are likely to build up to such a point that a new osculat- 
ing reference orbit must be determined from integrated 
position and velocity. 

Instead of making abrupt changes from one refer- 
ence orbit to another, we can make the changes gradu- 
ally by the method of variation of parameters. In this 
method the parameters that define the osculating two- 
body orbit are allowed to vary progressively so that the 
osculating orbit will always give the same position and 
velocity as the two-body orbit. The effect will be to 
cause one of the osculating ellipses gradually to change 
until it merges into the other one. The variations of 
the parameters are determined directly from the per- 
turbations and may be integrated numerically, or, 
alternatively, by series expansions. 

When the perturbations are very large, neither 
Encke’s method nor the method of variation of parame- 
ters offers any advantage over Cowell’s method, and the 
last should be used because it requires less calculation. 
When the perturbations are small, however, and espe- 
cially when the two-body motion is very rapid, Cowell’s 
method is disadvantageous and may even be incapable 
of handling the problem. 

When perturbations are handled by numerical inte- 
gration, the process is called special perturbations. 
When the perturbations are represented by series and 
integrated term by term, the process is referred to as 
general perturbations. Today we refer to such series 
as “Fourier series.” Actually the process antedates 
Fourier by more than two thousand years. In the 
Ptolemaic system the complex motions of the planets 
were represented by systems of circles that were equiva- 
lent to Fourier series. 

It is desirable, at this point, to distinguish clearly 
between two kinds of trajectory work: “preliminary 
(or feasibility) trajectories” and “precision trajectories.” 
By preliminary trajectories, we mean qualitative tra- 
jectories that are useful in preliminary studies, in which 
only rough estimates of the amount of fuel, the duration 
of flight, required guidance tolerances, or similar ques- 
tions are desired. Precision trajectories, on the other 
hand, are necessary for accurate space navigation. 

The lunar flight trajectory illustrates one of the im- 
portant distinctions between preliminary and precision 
work. In preliminary studies of lunar and circumlunar 
trajectories it is possible to suppose that the moon is 
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moving with uniform velocity in a perfect circle, or that 
it is a fixed point in a rotating framework. In precision 
work, however, the rotating framework ceases to be 
useful. In fact there are no simple mathematical expres- 
sions that will represent the moon’s position for more 
than a very brief interval. We must turn to tables of the 
moon’s position, such as those given in the various 
national ephemerides or almanacs. 

Another important consideration in precision orbit 
work is the following. At the present time refined values 
of the basic constants are definitely required before 
an interplanetary ballistic flight to intersect another 
planet could be successful. This may seem odd, since 
centuries of astronomical observations have contributed 
to plotting the elements of the orbits of planets and 
satellites to six-place accuracy or better, and to deter- 
mining the mutual perturbations of these orbits caused 
by the several bodies in the solar system. However, 
one dominant factor makes these elements unsuitable 
for successful planet-to-planet navigation. This factor 
is that while planetary orbital dimensions are known to 
six-place accuracy or better when expressed in terms 
of the astronomical unit (the semimajor axis of the 
earth’s orbit), the astronomical unit (au) itself is known 
to only about one part in 1500 when expressed in terms 
of meters or feet, the units in which flight design must 
be made. (Specifically, 1.49510 kmS1 au<1.496 
108 km.) 

As a simple example of the effect of this uncertainty 
in the scale of the solar system on a problem in space 
navigation, consider the trip from the Earth to Venus 
along a minimum-energy orbit. Making several simpli- 
fying assumptions regarding the eccentricities and 
inclinations of the orbits of the Earth and Venus, we 
find that the uncertainty in the semimajor axis of the 
minimum-energy orbit would be about 172,000 km or 
15 diameters of Venus; and this neglects the timing error 
introduced. One of the first tasks of a flight into inter- 
planetary space should be the measurement of the 
fundamental astronomical unit of distance in terms of 
laboratory standards of length. Another basic con- 
stant, the gravitational constant, is known to only 
about three significant figures when expressed in the 
cgs system or any other laboratory system of units. 


LUNAR AND INTERPLANETARY FLIGHTS 


A typical preliminary ballistic earth-moon transit tra- 
jectory computed by automatic machine is shown in 
Fig. 4. It is plotted in rotating coordinates so arranged 
that the earth-moon line appears to stay fixed. This 
scheme shows the trajectory about as it would appear 
to an observer standing on the moon. This same tra- 
jectory is plotted in inertial coordinates in Fig. 5. 

It can be seen in Fig. 5 that the vehicle in this par- 
ticular transit trajectory will move in a counterclock- 
wise direction in the initial phases of flight; 7.e., the 
advance of vehicle angular position will be in the same 
direction as the orbital motion of earth and moon. Such 
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Fig. 5—Moon-rocket trajectory in inertial space. 


an orbit is referred to as a direct orbit. An advantage 
of such an orbit is the fact that one can capitalize on 
the orbital motion of the earth (in earth-moon space) as 
well as the rotation of the earth in building up the initial 
velocity of the vehicle. 

In Fig. 5 the attraction of the moon can be seen 
near the terminal end of the trajectory. The direction of 
approach has become almost a straight line to the 
moon’s center. 

The time required for an earth-moon passage is 
strongly dependent upon initial velocity. A plot of 
transit time as a function of initial velocity is shown in 
Fig. 6. The exact time-vs-velocity curve is, of course, 
somewhat dependent also upon the direction of projec- 
tion, but the dependence is relatively slight. 

This marked decrease in flight time for a moderate 
velocity increase in the low-speed regime suggests that 
the efficiency of some flight missions can be enhanced 
by sacrificing some payload to increase projection 
velocity. This would be true, for example, in missions 
requiring the expenditure of large amounts of electrical 
energy during transit, or in manned flight where the 
demands of nutrition and a livable environment grow 
with flight duration. 

A lunar-impact flight consists simply of projection of 
a vehicle from the earth to crash on the surface of the 
moon unchecked. Such a flight would typically involve 
traversal of a trajectory, like that in Figs. 4 and 5. 
The speed of the body at impact, relative to the moon’s 
surface, will be no less than lunar escape velocity, and 
typically would be around 10,000 feet per second. It is 
conceivable that some sort of instrument package could 
be made to survive such an impact, but the possibilities 
are only of a speculative sort. 

A particularly interesting payload possibility for an 
impact flight is a source of visible light to signal arrival. 
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Fig. 6—Transit time from earth to moon. 


It has been estimated that something like 10 pounds of 
flash power exploded on the dark half of the half-illumi- 
nated moon would be observable in a 21-inch reflecting 
telescope. 

The accuracy required in the projection process to 
produce an impact on the visible side of the moon must 
be determined by trial and error, 2.e., simply by comput- 
ing a great number of trajectories, noting locations of 
impacts and miss distances. The values of allowable 
errors in speed and direction of projection are dependent 
upon the speed, direction, and position at the initial 
point in the unpowered trajectory. A coordinate ar- 
rangement for defining projection conditions is shown 
in Fig. 7. Combinations of initial conditions that result 
in hits passing through the moon’s center are shown in 
Fig. 8. For nominal values 


V. = 35,000 feet per second 


y = 14.2 degrees 
@ = 108 degrees 
r = 4300 statute miles, 


marked in Fig. 8, we find that allowable errors in speed 
or direction for impact on the visible face of the moon 


are about 
6V = + 40 feet per second 


+ O25 degree. 


oy 


The exact band of conditions for impact, around the 
nominal point selected, is shown in Fig. 9. Generally 
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Fig. 7—Parameters used to describe initial conditions. 
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Fig. 8—Combinations of V, and y required to hit the moon 
from various initial positions. 


speaking, higher values of V, lead to larger allowable 
6V, while smaller values of V, allow greater values of dy. 
Effects of velocity errors are illustrated in Fig. 10. 

We must also recognize the existence of another kind 
of flight tolerance that does not figure in purely terres- 
trial flight activities—that of launch time. In addition 
to a fairly close tolerance on the instant of launch, it 
must be recognized that the calendar dates on which 
launching is feasible are dependent upon the latitude of 
the launch site, the range of firing azimuth available, 
and the inclination of the moon’s orbit relative to the 
earth’s equatorial plane. These general observations 
about launch-time tolerance apply more or less directly 
to all of the lunar flight types listed. 

For most equipments, a nondestructive landing on a 
solid surface implies an approach to the surface at a 
rather low speed—a good deal less than 10,000 feet per 
second. Since the moon has no appreciable atmosphere, 
deceleration must be accomplished by rocket propulsion 
in the final phase of approach. 

The trajectory requirements for lunar landing are 
essentially the same as those for impact, except perhaps 
for some closer specification of accuracy tolerances 
if a nearly perpendicular hit on the lunar surface is 
needed to accommodate the particular landing-gear 
arrangement employed. Landing does, however, involve 
another extension of the problem beyond the impact 
case. It introduces a requirement for control of the orien- 
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Fig. 9—Hit-band region around design point. 
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Fig. 10—Effect of varying V, on hit point. 


tation of the vehicle so that the decelerating-rocket 
thrust is properly aligned relative to the lunar approach 
velocity. 

Another flight mission that requires rocket decelera- 
tion at the moon, and, hence, altitude stabilization, is 
that of establishing an artificial satellite of the moon. 
For this operation we must proceed along a transit tra- 
jectory that misses the moon, to pass by it at an alti- 
tude equal to the desired satellite altitude. 

The period and orbital velocity of a lunar satellite as 
a function of orbit altitude is shown in Fig. 11. It is 
seen that for reasonably close satellites, orbital velocity 
falls in the vicinity of 5000 feet per second. Since the 
velocity of the vehicle in its transit trajectory will be of 
the order of 10,000 feet per second near the moon, it is 
apparent that a velocity reduction of around 5,000 feet 
per second is required to set up a lunar satellite. 

The projection accuracy required in this operation 
does not differ markedly from that required to lunar 
impact. The limiting accuracy requirements are de- 
rived from consideration of two possible catastrophies 
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Fig. 11—Period and velocity in circular orbit. 


that can occur to the satellite. Too low an initial velocity 
will cause it to collide with the moon (Fig. 12); too 
high a velocity will result in recapture by the earth 
(Pig? 23). 

If we wish to make an unpowered flight entirely 
around the moon and return to the earth, we must stay 
near the extreme low end of the scale of lunar flight 
speeds. In fact, we must operate in the region between 
about 34,800 and 35,100 feet per second only (referred 
to an initial position 4300 miles from the center of the 
earth). Substantially higher initial velocities would 
result in speeds near the moon that are too high to per- 
mit sufficient deflection of the trajectory by the moon. 

Within the allowable range of initial velocities, the 
accuracy requirements for circumlunar flight are com- 
paratively modest if all we ask is return to the earth: 
typically +75 feet per second in velocity or +5 degrees 
in direction. These large tolerances are, however, associ- 
ated with fairly large variations in the distance of closest 
approach to the moon and in total flight time. A varia- 
tion of 10 feet per second in initial velocity would change 
the distance of closest approach by about 1000 miles 
and the total flight time by about 25 hours. Because of 
this sensitivity of flight time to initial velocity, the 
velocity would have to be controlled to within about 
+0.5 foot per second if a returning circumlunar vehicle 
were to be recovered within the continental United 
States. These values of sensitivity apply to a trajectory 
with an initial velocity of about 34,900 feet per second 
which passes the moon at a nearest approach distance 
of about 4000 miles. The sensitivities for other trajec- 
tories could differ from these by as much as an order 
of magnitude depending upon the exact values of the 
initial conditions. 

There are five special points in earth-moon space, 
called “libration centers,” at which a vehicle might 
“float at anchor” as a sort of space buoy. The arrange- 
ment of these points in the (x, y) plane is shown in Fig. 
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Fig. 13—Recapture of lunar satellite by the earth. 


14. Approximate solutions to the equations of motion 
can be developed in the neighborhoods of these centers 
of libration. 

We find from this solution that the motion near the 
straight-line centers of libration (I, II, and III) is un- 
stable; because of the presence of the hyperbolic func- 
tions, a particle initially near a center of libration will 
eventually move indefinitely far away. 

For the equilateral-triangle points only oscillatory 
terms appear in the solution to the equations of motion, 
so it would seem that we could establish space buoys 
at the triangle points that would stay at anchor in 
earth-moon space for an indefinite. period, until dis- 
placed by external disturbances. 

In treating lunar flight, we have been concerned 
with a space environment dominated by the fields of 
two massive bodies—the earth and the moon—revolv- 
ing in circles about their common center of mass. When 
we consider interplanetary flight, the main features of 
the problem are determined by a similar kind of flight 
environment. The difference is that the interplanetary 
flight has more major phases. 

Let us run through these phases in a flight, say, from 
earth to Mars. The first phase takes place in earth- 
moon space. This phase soon blends into the second 
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Fig. 14—Relative positions of libration centers. 


phase, where the main sources of influence are the earth 
and sun. At a distance of a few million miles from the 
earth, the third phase begins, in which the sole influ- 
ence of substantial consequence is due to the sun. As we 
approach Mars, we enter the fourth flight phase, where 
the bodies of chief concern are Mars and the sun. In the 
terminal, or fifth phase very near Mars, only the field 
of Mars itself is important. 

The computation of an interplanetary flight trajec- 
tory is very complex, because of the multiplicity of 
flight phases with the attendant requirements for 
changing reference frames, equations of motion, ac- 
curacy scales, etc. However, the major characteristics 
of an interplanetary trajectory can be summarized as 
follows. The initial leg of the trajectory (phase one) ap- 
proximates a hyperbola with focus at the earth’s center; 
this leg (through phase two) blends into a large ellipse 
with focus at the sun’s center (phase three); near the 
end (through phase four) this ellipse blends into a hyper- 
bola with focus at the center of the target planet (phase 
five). 

Landing on Mercury would be similar to landing on 
the moon; there is no atmosphere, so deceleration must 
be accomplished by rocket. Landings on Venus, Mars, 
or the earth can make use of aerodynamic drag for 
deceleration. Landings in the usual sense are not likely 
on the other planets, since they do not have (or prob- 
ably do not have) clearly defined solid surfaces. 

Establishment of an artificial satellite of another 
planet involves the same possible sources of failure as 
establishment of a lunar satellite—too little velocity will 
result in collision with the planet; too much will lead to 
capture by the sun. A round trip around, say, Mars with 
subsequent return to the earth is possible by proper 
trajectory arrangements. 

Libration centers in interplanetary space are produced 
by the fields of the sun and a planet, just as they are 
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produced in earth-moon space by the fields of the earth 
and moon. Thus we should also be able to establish 
interplanetary space buoys. In fact such buoys already 
exist in natural form as the Trojan asteroids (see below) 
at the equilateral-triangle points relative to the sun 
and Jupiter. 

For all of these interplanetary missions the guidance 
accuracy requirements are far more stringent than for 
analogous lunar missions. Representative velocity toler- 
ances are on the order of 0.1 foot per second. 

Another type of interplanetary mission is that of 
establishing an artificial asteroid (artificial solar satel- 
lite). 


THE SPACE ENVIRONMENT 


One of the most important aspects of the space en- 
vironment deals with the material content of space. 
Let us first consider bodies in the range from cosmic dust 
to chunks of rock (7.e., say 20 microns to a few meters) 
commonly called meteoroids. Fig. 15, based upon the 
observational and theoretical results of the Harvard 
Meteor Program, gives the mass and size of meteoric 
particles as functions of the visual magnitude. Fig. 16 
indicates the number of such meteoroids striking the 
earth per day, and the number striking a 3-meter sphere 
in the neighborhood of the earth per day. 

It is estimated by Whipple that a meteoroid of mag- 
nitude 17, moving with a velocity of 18 km/second, of 
which about two per day will strike a 3-meter sphere, 
will penetrate an aluminum skin of 0.01 cm; whereas a 
meteoroid of magnitude 5, one of which will strike the 
sphere every hundred years, would penetrate 4.5 cm. of 
aluminum. About every 50 days a particle capable of 
penetrating 0.5 cm of aluminum would hit the sphere. 

But the probability of striking meteoroids depends 
upon where the vehicle is in space. Fig. 16 applies to the 
immediate neighborhoood of the earth. At greater dis- 
tances good data are lacking. What is known, however, 
is that 1) the smallest dust particles (micrometeoroids) 
are concentrated in the ecliptic or plane of the earth’s 
orbit, and 2) most meteoritic material is cometary refuse 
and is consequently largely distributed along the orbits 
of comets. 

Let us review some of the evidence for the ecliptic 
concentration of cosmic dust. After evening twilight, 
especially near March 21 in northern latitudes, a faint 
tapered band of light can be seen extending up from 
the horizon centered along the ecliptic. This band of 
light, which can be photoelectrically traced through 
the complete night sky, is called the zodiacal light. The 
color of the zodiacal light is nearly the same as that of 
the sun, but shows approximately 20 per cent polariza- 
tion. These observational facts suggest that the zodiacal 
light is caused for the most part by sunlight scattered 
from small dust or meteoroidal particles at least 20 
microns in diameter. Since light scattered by free elec- 
trons is strongly polarized, it is probable that free elec- 
trons represent a fraction of the particles present. This 
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Fig. 15—Meteor brightness vs size. 


is also substantiated by the fact that the total light 
present seems to vary with solar activity, being least 
when ionizing radiations from the sun are at a minimum. 
However, since scattering by gas atoms and molecules 
alters the color of the light, it must be concluded that 
the zodiacal particles (except for the free electrons) are 
much larger than molecules. 

It has been suggested that the zodiacal light is an 
extension of the outer solar corona. This idea is rein- 
forced by the fact that the corona has a color and con- 
tinuous spectrum agreeing with the zodiacal light. But 
most interesting is the comparison of the brightnesses, 
as shown in Fig. 17. 

This layer of small meteoroidal particles must extend 
from the sun well beyond the orbit of the earth, being 
concentrated toward the ecliptic or fundamental plane 
of the solar system. 

The major concentration of the smallest meteoric ma- 
terial (producing no visual effects when striking the 
earth) is in the ecliptic, but other concentrations are 
intimately associated with comets and other bodies. 
The visible meteors, or shooting stars, are of two types 
—those associated with showers and those which are 
sporadic. The shower meteors are of cometary origin; 
the sporadics are proably traceable to asteroids. 

Let us review a few facts concerning comets and 
meteor showers. No accurate masses of comets have been 
determined, since they are not massive enough to 
exert any measurable perturbative forces on other 
bodies. But it is estimated that typical masses are of 
the order of 10!” tons (earth =approximately 10?! tons), 
and the densities are such that in a thousand cubic miles 
of a comet’s tail there is less matter than in a cubic inch 
of air. 
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Fig. 16—Meteor impacts per day. 
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Fig. 17—Change of brightness of the sun’s outer corona and the 
zodiacal light with distance from the sun. 


In 1949 Whipple hypothesized a comet model which 
satisfactorily explains a great many observed facts 
about comets. Whipple holds that a comet’s nucleus is 
a cosmic iceberg, a porous mass of solidified gases or ice 
plus some solid particles. The substances present are 
largely water ice, ammonia, and methane with some 
carbon dioxide and cyanagen. : 

But what is of special interest is that on each trip 
near the sun, the comet is partially disintegrated and 
leaves a “wake” of small solid particles and ices. So 
the regions of space where an astronaut is likely to find 
higher than average densities of meteoric material are 
along the orbit of comets, either “live” comets or old 
disintegrated comets. 

Whenever the earth passes through one of these 
cometary wakes, a meteor shower results. Hundreds of 
shooting stars are observed to emerge from a small area 
of the sky called the radiant, the direction being deter- 
mined by the orbit of the comet wake in space. In 
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general these small, solid particles or bits of ice a few 
microns in size, which cause meteor showers, will not 
cause penetrative disasters to a space vehicle, though 
they may in time cause considerable skin attrition. It is 
the sporadic meteoroids that are likely to cause sud- 
den trouble in space flight. These bodies are most 
probably fragments of asteroids which have resulted 
from collisions. Like comets, none seems to have a 
definitively hyperbolic orbit. However, these sporadic 
meteoroids may be quite sizable, form fireballs, and 
frequently strike the earth. They range from a few 
grams up to thousands of tons, like the large meteorites 
(or even small asteroids) which caused such craters as 
the Barringer Meteor Crater in Arizona. 

Let us now turn briefly to some facts concerning the 
minor planets or asteroids themselves. Since the dis- 
covery of the first asteroid on January 1, 1801, the orbits 
of more than 1500 of these bodies have been determined. 
However, their total number must run into the hundreds 
of thousands; it has been estimated that there are 80,000 
brighter than the 19th magnitude alone. Most of the 
asteroids follow orbits which lie between the orbits of 
Mars and Jupiter, occupying a place in the solar system 
where Bode’s Law has predicted a major planet which 
does not exist. (Some asteroids depart considerably 
from the mean orbits.) One family of asteroids is of 
special interest. It occupies the equilateral libration 
points in Jupiter’s orbit (Fig. 18). These asteroids— 
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Fig. 18—The Trojan asteroids. 


known as the Trojans—number about 12, some leading 
Jupiter, some following. Searches have been made for 
possible Trojan-type asteroids associated with the equi- 
lateral libration points in the orbits of other planets, 
but none has been found. 

Orbits whose periods are exact fractions of Jupiter’s 
period are called resonant orbits. The effect of pertur- 
bations on these resonant orbits is to render them un- 
stable and force the asteroids into other orbits, a fact 
which might be of interest to astronauts; similar effects 
would operate on earth satellites whose periods were 
exact fractions of the lunar period. Thus, if a satellite 
were placed on an orbit with a period of, say, exactly 


Buchheim, Herrick, Vestine, Wilson, and Swerling: Some Aspects of Astronautics 7 


¢ month, it would soon move into some other orbit. 


In recent years high-powered, wide-field photographic 
telescopes have recorded thousands of faint new aster- 
oids, some of them on orbits which bring them close to 
the earth; in 1937 an asteroid swept within 800,000 km 
of the earth, or roughly twice the moon’s distance. 
Orbits are now known for at least ten such objects which 
come within the earth’s orbit. Undoubtedly there are 
scores more; and over a period of hundreds of thousands 
of years collisions with the earth must occur. 

The largest asteroid (and the first discovered) is 
Ceres, with a diameter of 730 km. The sizes range on 
down to a few kilometers. Assuming that the ratio of 
reflecting power to size is the same for small asteroids 
as for large ones, we have 
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Since the number of bodies increases by a factor of 2.7 
with each magnitude, there are probably 100,000 aster- 
oids with diameters in excess of 250 meters. It is esti- 
mated that all the asteroids together would make up a 
spherical body about 1000 km in diameter with a mass 
less than one-thousandth the earth’s mass. 

Interplanetary space also contains molecular, atomic, 
and subatomic particles and radiation of various kinds. 

In the exospheric region of the terrestrial atmosphere 
great numbers of nitrogen, oxygen, and other particles 
are freely orbiting as a highly tenuous atmosphere. At 
higher levels of the exosphere lighter gases, such as 
hydrogen and helium, may eventually assume an in- 
creasingly important contribution to the density and 
composition. The proportion of ionized particles to 
neutral atoms will increase to values such as one in five, 
and more, at greater distances from the earth, because 
there will be few collisions between the very highly 
ionized positive ions and negative electrons; the proba- 
bility for neutralization of the electric charges by recom- 
bination will be very small. At very high levels or be- 
yond the atmosphere protons and electrons will domi- 
nate, together with some neutral hydrogen atoms. The 
electron density at the base of the exosphere can be 
taken as 3X107/cm’. Indirect data on the solar corona 
and zodiacal light suggest that the region between the 
earth and moon has an electron density of the order of 
103/cm?. 

The lunar gaseous atmosphere may consist mainly of 
argon, together with carbon dioxide and sulphur dioxide 
and some water vapor, but its true composition and 
density are as yet uncertain. It is also possible that the 
moon has an ionosphere with electron densities of the 
order of 10°/cm’; some estimates go as high as 10!°/cmi?. 

According to the Chapman-Ferraro theory of mag- 
netic storms, corpuscular streams of electrons and pro- 
tons are emitted from active regions on the sun, and 
proceed earthwards to cause magnetic storms and 
auroras. These particles, according to this theory and 
several others related to it, travel to the earth in about 
a day, so that the velocity may be about 108 cm/second. 
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Solar particles moving with a velocity of about 4 that 
of light have been noted to leave the sun in areas of solar 
flares. (Methods of radio astronomy have been used in 
these studies.) During solar flares on about six occasions 
since the early 1940’s, marked increases in cosmic rays 
have occurred over a period of hours to almost a day. 
On February 23, 1956, an increase of 90 per cent or so 
in cosmic rays detected at the ground appeared in high 
latitudes of the earth. This means that the particles had 
an energy in excess of 18 billion electron volts (bev.). 
Effects persisted over a period of 16 hours or more in 
cosmic rays, and for several days high absorption of 
radio waves ensued. The potential extreme radiation 
hazard like that of February 23, 1956, apparently does 
not occur very often; this and some other large increases 
during flares have appeared only about once every three 
years. 

A weak galactic background of radio noise from a few 
to thousands of megacycles exists. It is believed to arise 
from electrons spiraling in magnetic fields of active 
areas in distant galaxies. Some localized areas radiate 
very intensely, as in the region of the Crab nebula. 

The sun also emits a radio noise background. Since a 
black body at some thousands of degrees generates 
electromagnetic waves whose intensity varies with 
wavelength, there must be emission at radio frequencies 
as well as in the ultraviolet, the visible spectrum, and 
the infrared. Also, during solar flares the sun emits 
short bursts of radiation up to 1000 times as great as its 
steady background radiation. 

The earth’s magnetic field in space is much like that 
of a short magnet at the earth’s center, the magnet be- 
ing so directed that its north pole will lie in the general 
direction of the geographic poles. The central axis of 
this magnet intersects the earth’s surface at the point 
78.6° north latitude and 289.9° east longitude, called the 
geomagnetic north pole. The magnetic moment of this 
magnet, taken as a very short magnet, or dipole, was 
8.06 X 10> centimeter-gram-second units in 1922. 

At points beyond the atmosphere at distance 7 from 
the earth’s center, the magnetic field falls off rather 
nearly as the cube of the distance. The electric currents 
flowing in the atmosphere, believed mostly transients, 
add to the main magnetic field. The main field includes 
also some higher-order terms required in precise calcu- 
lations of the field in space. 

The surface magnetic field of the sun is not much 
larger than that of the earth, except within sunspots. 
The field may vary somewhat with time, and a magnetic 
moment of the sun is difficult to assign. In the case of 
sunspots, there are usually local north and south mag- 
netic poles in the sunspot groups. Magnetic moments 
may be as great as or greater than values 10° times that 
of the whole earth when spot diameters reach 50,000— 
60,000 km, with magnetic fields of the order of 5000 
oersteds. 

Such sunspot fields could therefore extend well beyond 
Mercury and almost to the planet Venus with fairly 
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readily measurable intensity, if it were not for the fact 
that the solar corona is a very good electrical conductor; 
as a consequence, electromagnetic induction tends to 
nullify systematic features of the changing sunspot 
fields, except at points close to the sun. However, it is 
expected that portions of the actual magnetic fields of 
sunspots are carried by material within moving promi- 
nences or the streaming corona to the neighborhood of 
the moon and earth with measurable intensity of mag- 
netic field. Hence, the sunspot fields are expected to 
exist in fragmentary and badly organized form within 
the solar system. 

The relative effect of the hot solar corona on space 
vehicles will be negligible for a lunar flight. The heat 
flux from the solar corona per square centimeter of area 
will be kinetic energy of motion; but the hot particles, 
though very energetic, would be too few in number to 
heat up a metal surface appreciably. The number of 
protons and hydrogen atoms should be of the order of 
10 to 104/cm’, so that the energy flux would be only 
10-7 times the maximum solar radiation flux of nearly 
two horsepower per square meter. 


EXPERIMENTATION IN SPACE 


The use of space flight for scientific experimentation 
will greatly add to the stock of scientific knowledge, and, 
of course, such experimentation is also necessary for the 
successful fulfillment of many space-flight missions. 
Looking beyond the IGY program, we are able to fore- 
see such useful experiments as, for example, the refine- 
ment of basic constants (planetary masses, gravitational 
constant, dimensions of the solar system). For these 
purposes, artificial asteroids (satellites of the sun) and 
planetary satellites, perhaps with transponding equip- 
ment for accurate range and range-rate measurement, 
are one possibility. 

There are several other uses for artificial asteroids. 
When tracking techniques at the distance of Venus, for 
example, have been perfected, an asteroid on an orbit 
making a close encounter can be used with perturbation 
theory as a test particle for refining the mass of the 
planet. Asteroids carrying suitable instruments can 
study the effects of solar particle radiation in regions 
of space remote from the perturbing effects of the 
earth’s magnetic field. If instrument-bearing asteroids 
could be placed in the earth’s equilateral-triangle libra- 
tion points, observations of the directional properties of 
solar flares and spots could be made. Asteroids with 
suitable impact counters could map the distribution of 
meteor streams in all parts of space to determine opti- 
mum courses for later interplanetary vehicles. 

Another sort of interplanetary vehicle would be an 
artificial satellite of another planet. It should be possible 
to learn a good deal about planets and their atmospheres 
from satellite observing stations. A logical prelude to 
actually landing on a planet (though probably not a 
necessity for Mars or Venus) would be observation of 
the behavior of an instrumented “reentry body” as it 
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plunged into the planet’s atmosphere. From a knowl- 
edge of its approach trajectory and a time history of 
altitude, deceleration, and vehicle surface heating, the 
atmospheric data necessary to design subsequent entry 
vehicles could probably be determined. 

What is the present state of knowledge concerning 
these neighbors of the earth? First, Venus. Actually 
very little is known about Venus. Its rotation period is 
very uncertain; since it has no satellites, its mass is 
known to only 3 per cent; and since it is covered with 
opaque clouds, nothing concerning its surface is known. 
Even the chemical composition of the Venusian atmos- 
phere is controversial. Large amounts of carbon dioxide 
have been observed but no evidence of water or oxygen. 
Some believe that Venus is a dry, dusty planet covered 
with an opaque dust cloud. Others believe that Venus 
is one vast ocean, and that water has not been detected 
in the atmosphere because it is always in the form of ice. 
Still others believe that the clouds are formaldehyde 
and that Venus is covered with plastics. These hypothe- 
ses are not idle speculations but are consistent with the 
observations. It is the difficulty of getting suitable ob- 
servations that leaves the conditions on Venus so un- 
certain. 

Bolometric observations of Venus suggest some rota- 
tion. Richardson has recently concluded that Venus has 
a rotation period of from 8 to 46 days, with a probability 
of 0.5 of being correct. He claims that 14 days retro- 
grade is the best mean value. The axis, as ascertained 
from cloud markings, is tilted from the plane of the 
orbit somewhere between 14 and 32 degrees (not so dif- 
ferent in this respect from the earth and Mars). The 
fact that no equatorial bulge has ever been observed and 
that radio measurements showing a 13 day fluctuation 
have been observed, strengthen the case for Richard- 
son’s 2-week Venusian day. That oxygen has bever been 
observed may be traced to the fact that all observations 
are restricted to the upper parts of the atmosphere, 
where oxygen is probably dissociated, as in the earth’s 
atmosphere. 

All of these statements add up to the probability that 
Venus will be a “surprise planet” when visited by pio- 
neer astronauts. Nothing is definitively known which 
precludes the existence of conditions favorable to life. 
And at least one prominent astronomer feels that Venus 
will be the planet on which we are most likely to find 
life. 

As to the earth’s other neighbor, Mars, a great deal 
more is known. Mars rotates on its axis in 24 h 37 m, or 
essentially one earth day. Its axis is inclined to the or- 
bital plane by the same amount as the earth’s, and sea- 
sonal effects similar to those of the earth are observed. 

The conditions on the surface of Mars are very simi- 
lar, with regard to temperature and pressure, to condi- 
tions on the earth 11 miles above the surface in the strat- 
osphere. Although human life could not survive without 
extensive local environmental modifications, the possi- 
bility of a self-sustaining colony is not ruled out. 
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But bleak and desert-like as Mars appears to be, with 
no oxygen and very little, if any, water, there is good 
evidence (derived from observation of the Martian dark 
areas and seasonal color changes) that some indigenous 
life forms may exist. 

The canal controversy is still unsettled and probably 
will remain so until Mars can be adequately observed 
from a position free from the blurring motion of the 
earth’s atmosphere. 

Already, through the study of cloud movements and 
temperature distributions on Mars, knowledge is being 
gained which is useful in the analysis of the earth’s 
atmosphere. 

Each planet, regarded as a scientific laboratory, offers 
unlimited possibilities for studying physics, geology, 
meteorology, chemistry, and even life science. The 
scientific dividends from the exploration of space should, 
in not too long a period, repay the whole cost many 
times over. 

It has been noted that nearly all the physical attri- 
butes of the exosphere, solar corona, and lunar atmos- 
phere are so ill-known that it is highly desirable to 
conduct the basic research needed to remove the dearth 
of real knowledge. 

Among the physical experiments that might be con- 
ducted (in addition to those mentioned above) are the 
following: 


1) Measurements of the composition, density, and 
temperature of matter along the path of a lunar 
flight, and on the moon. 

2) Measurement of X-ray and ultraviolet radiation 
along the flight path. Some attention to infrared 
radiation also seems indicated. 

3) Measurement of the spectrum and intensity of 
radiation at radio frequencies from space, from the 
the sun, and from sunspots. 

4) Measurement of the geomagnetic field at various 
distances and of possible magnetic fields accom- 
panying auroral streamers and ring currents. 
Turbulent magnetic fields within the solar corona 
should also be measured. The lunar magnetic field 
should be ascertained, right down to the lunar 
surface. 

5) Cosmic ray observations with counters along the 
flight path. On the moon, directional experiments 
will be useful in the study of cosmic radiation 
from the sun or special sources requiring precise 
location. 

6) Precise measurements of the lunar mass and gravi- 
tational field. 

7) A mass spectrograph on the moon to identify 
gases, such as argon, xenon, krypton, carbon di- 
oxide, sulphur dioxide, and water vapor. 

8) Seismic observations, with or without explosions, 
to provide information on the lunar interior and 
composition. 

9) Measurement of radioactivity at various depths 
within the moon. 
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Space Communications* 
PETER SWERLING} 


Summary—Preliminary design parameters for space communi- 
cations can be estimated by standard application of the radiation 
range equation and of communication-theoretic equations relating 
channel capacity to bandwidth and signal-to-noise ratio. An example 
is given for a hypothetical situation involving communication be- 
tween a space vehicle and a receiver located on the earth’s surface, 
for various communication ranges. 

Preliminary estimates of this type also serve to indicate areas of 
research and development which will be of importance in space 
communications. Some of the areas briefly mentioned are: com- 
ponents (vehicle and surface antennas, sensitive receivers, highly 
reliable circuit components, and electrical power sources); signal 
storage, encoding, and processing techniques; tracking and acquisi- 
tion techniques; and studies of the physical environment (extra- 
terrestrial noise, component environment, and electromagnetic 
propagation environment in space). 


INTRODUCTION 


PACE communications can be defined as the design 
S and utilization of communication equipment for 
space-flight applications. Much has already been 
accomplished in the field of space communications, é.g.: 


1) The minitrack! and microlock? systems and other 
communication equipment associated with our 
own satellite and lunar probe programs. 

2) The communication systems associated with the 
Sputniks. 

3) The communication design studies associated with 
military uses of satellites. 


It is probable that communication techniques in 
space will be, at least for a long time, an evolutionary 
development of those techniques already in use in cur- 
rent space-flight programs and of closely related tech- 
niques developed in fields such as air defense surveil- 
lance and radio astronomy. 

Aside from the purely operational definition given 
above, one can speculate as to whether the subject of 
space communications will become a distinct branch of 
communications in the theoretical sense. In what way, 
and even whether, this will happen is not at present 
readily foreseeable. Basically the same equations will 
govern the propagation of electromagnetic energy and 
the transmission of information in space as on the earth. 

We may, of course, expect certain practical dif- 
ferences between the conditions of space-flight com- 
munications and those of terrestrial communications. 
Among these are the following: 


* Manuscript received by the PGMIL, August 20, 1958. 

+ The RAND Corp., Santa Monica, Calif. 

1R. L. Easton, “The Mark II Minitrack System,” U. S. Naval 
Res. Lab., Washington, D. C., Rep. No. 5035, Project Vanguard 
Rep. No. 21; Minitrack Rep. no. 2; September, 1957. 

2H. L. Richter, W. F. Sampson, and R. Stevens, “Microlock; a 
minimum weight radio instrumentation system for a satellite,” in 
“Vistas in Astronautics,” Proc. of the First Annual AF Office of 
Sci. Res. Astronautics Symp., Pergamon Press, New York, N. Y., 
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1) The space environment. This refers both to the 
physical environment in which equipment will 
operate and to the propagation environment asso- 
ciated with interplanetary space and with the 
various atmospheres and ionospheres of extra- 
terrestrial bodies. 

2) Very large communications ranges. 

3) Severe size and weight limitations in space vehicles 
and severe reliability requirements for lengthy 
unattended operation. 


One can combine what is known about the conditions 
under which space communications will have to operate 
with the basic equations of communication theory to 
predict the general lines of research and development 
which will be useful in accomplishing the communica- 
tion tasks required by space-flight programs. The dis- 
covery of any really novel effect such as an unexpected 
propagation effect in one of the planetary atmospheres, 
or the practicability of using some other source than 
electromagnetic energy in communications must await 
further developments. 


ILLUSTRATIVE COMPUTATION OF POWER 
REQUIREMENTS 


Communications engineers in a fairly large number 
of places (see Lehan® for an example) have already in- 
vestigated the basic requirements in terms of radiated 
power, antenna gains, etc., for a variety of space- 
communications tasks. The starting point for these in- 
vestigations is invariably 1) the radiation range equa- 
tion, and 2) communication-theory equations relating 
information-transmitting capacity to bandwidth and 
signal-to-noise ratio. 

These equations are useful not only because they en- 
able one to calculate basic requirements, but also simply 
because they list many of the parameters which are of 
greatest importance to communications and thus pro- 
vide a useful framework for discussion. 

The (one-way) radiation range equation is 


P.G,A, 


Nyce Se 1 
47R?L (1) 


where 


S;=received signal power, 

P,=radiated power, 

G,=transmitting antenna gain, 

A,=effective receiving area of the receiving antenna, 
R=communication range, 

L =losses. 
°F. W. Lehan, “Space communication—implementation prob- 


lems,” Lecture 10B, lectures on space technology, Univ. of Calif., 
Berkeley; 1958. 


1958 Swerling: Space 


The factor L in this context could refer to such losses as 


absorption losses, polarization losses, or losses due to 
imperfect antenna pointing. ~ 


One standard formula for the communication capac- 
ity C of a channel is* 
Sp ) 
NoW 


C = W loge (1 + (2) 


where 


S,=average received signal, 
W =channel bandwidth, 
No=noise power density, 
C=maximum or ideal rate of transmission in bits 
per unit time.® 


The above formula applies to the case of a signal re- 
ceived in additive Gaussian noise with uniform noise 
power density No over the bandwidth W. Several of 
the most important sources of noise are of this form (or 
very nearly so). For example, if the communication 
channel bandwidth is narrow compared with the center 
frequency (which is usually the case), then internal re- 
ceiver noise and solar and cosmic noise are approxi- 
mately of this form. 

For present-day receivers, the value of No is roughly 
10-4 to 10-8 watt per megacycle. The noise power 
density tends to increase with the center frequency in 
present receivers. Future ultrasensitive receivers such 
as masers,® which are well along the development road 
at present, may reduce internal noise power density by 
a factor of 100 or more. 

The intensity of solar and cosmic noise has already 
been extensively investigated by radio astronomers.’ 
The noise power densities of these noise sources tend to 
decrease with increasing frequency. For an omni- 
directional receiving antenna located approximately in 
the earth’s orbit, the cosmic noise at, say, 250 mc would 
be perhaps a factor of ten or so less than present-day 
receiver noise, while a “quiet” sun would be still less 
noisy. During solar “noise storms,” however, the in- 
tensity of solar noise may increase by factors of ten to 
1000. 

If the receiving antenna is directive, and if it happens 
to be pointed at a strong noise source such as the sun, 
extraterrestrial noise could be the predominant noise 
source. However, the illustrative figures cited above in- 
dicate that, with today’s receivers, receiver noise will 
ordinarily exceed noise from extraterrestrial sources. 
However, if maser receivers actually succeed in reducing 
receiver noise by a factor of, say, 100, extraterrestrial 
noise (or perhaps man-made interference) will become 
the limiting factor, so that over-all noise intensity 


4C. E. Shannon, and W. Weaver, “The Mathematical Theory of 
Communication,” University of Illinois Press, Urbana, IIl.; 1949. 

5 Bits per second if W is expressed in cycles per second. | 

6 W. H. Culver, “The maser; a molecular amplifier for microwave 
radiation,” Science, vol. 126; October, 1957. ; 

7 Proc. IRE, vol. 46; January, 1958. (Radio astronomy issue.) 
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would not be reduced by so large a factor. 


Another useful relation which can be derived from 
(2) is 


1.45, 


(3) 
0 

Table I illustrates how (1) and (3) may be used in 
preliminary estimation of the requirements of various 
space communication tasks. The table gives ideal mini- 
mum average radiated power necessary to achieve the 
stated transmission rate C at the stated range R. (For 
those who prefer to think in terms of signal-to-noise 
ratio and bandwidth, the table entries also represent the 
radiated power required to achieve a unity signal-to- 
noise ratio in a channel having bandwidth in cycles per 
second equal to 0.7 times the stated number of bits per 
second in the column headings.) 

The parameter values for which the table entries were 
computed are intended purely for illustrative purposes, 
and are supposed to be reasonably realistic values for 
transmission from a space vehicle and reception on the 
earth’s surface. They are: 


A,=10! meters?, © 
G:= 1.00, 
L=10, 
No=2 X10 watt per megacycle. 


The 10,000-square-meter receiving antenna is larger 
than the largest present-day antennas by a factor of 
perhaps ten. The noise power density is representative 
of receiver noise in current receivers. 

An omnidirectional (unity-gain) transmitting antenna 
is assumed for the space vehicle; this would impose no 
stringent attitude-stabilization requirements on the 
transmitting antenna. 


TABEE 


IDEAL MINrtMuM VALUES OF AVERAGE TRANSMITTED POWER 
FOR GIVEN RANGE AND REQUIRED CHANNEL CAPACITY 


Minimum required values of average 
transmitted power 


C=10 bits/sec 


Range 


10° bits/sec 10® bits/sec 


5X104 km (distant 


earth satellite) 4X10 watt | 410-4 watt | 0.4 watt 
5X10® km (lunar 
distance) 4X10-4 watt | 410-2 watt | 40 watts 


107 km (near 


asteroid) On watt 20 watts 2X10! watts 
108 km (Mars at 
close approach) 20 watts 2X10% watts | 210° watts 


The required power levels in a table of this type de- 
pend sensitively upon the particular parameter values 
assumed, so that it would be misleading to conclude on 
the basis of a single example that power requirements 
have been definitely ascertained for a given communica- 
tion task. Even when the power requirements are 
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clearly very small, it does not necessarily follow that 
the communication problem is solved; the main dif- 
ficulty may lie somewhere else than in power require- 
ments. 

There are several factors in practical situations which 
would tend to increase the actual power consumption 
to greater values than those calculated on the basis of 
(1) and (3). Among these are the following: 

1) The values shown represent ideal minimum power, 
that is, for ideal or near-ideal information coding. Prac- 
tical channels do not ordinarily transmit at the ideal 
rate. The factor by which power must be increased to 
compensate for lack of ideal coding depends strongly 
upon the particular situation, but typically might range 
from five to 100. 

2) The values shown represent radiated power; power 
consumption will always be greater than this, because 
of lack of perfect efficiency. Consumed power might 
exceed radiated power by factors of from two to ten 
(and higher in some situations). 

On the other hand, there are techniques which might 
be used to improve the parameter values assumed for 
Table I, thus lessening power requirements. Among 
these are: 

1) Use of ultrasensitive receivers; these might reduce 
the over-all noise level by factors of from ten to 100 (de- 
pending upon the external noise intensity). 

2) Use of directive vehicle antennas; this could re- 
duce power requirements by factors of 100 or more, as 
compared with the use of an omnidirectional vehicle 
antenna, provided that the resulting antenna-beam 
stabilization and tracking problems could be solved. 
There would be a trade-off here between the power 
saving on the one hand, and the added weight and com- 
plexity necessary for antenna-beam stabilization on the 
other. 

3) Storage and retransmission of data at a slower 
rate; this would reduce the required number of bits per 
second. This would involve a trade-off between the 
power saving and the weight and complexity of data 
storage equipment. Also, it could be done only if the 
information source were intermittent. On the other 
hand, the requirement for data storage and retrans- 
mission may often be imposed by other factors, such as 
line-of-sight considerations. 

Sometimes it is required to send a certain total 
amount of information rather than to send information 
at a given rate. In this case the requirement imposed is 
one of energy rather than of power. If T represents the 
total time of transmission, one may obtain from (3) the 
relation 


SONG EG): (4) 


Here TC represents the total number of bits of informa- 
tion, and S,T7 the total received energy. 

As an example, suppose one desired to transmit a 
photograph of the surface of Mars. Let us say, as a 
purely illustrative example, that the area to be photo- 
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graphed is 10,000 square miles; the resolvable elements 
are required to be one-tenth mile squares; and there are 
to be eight distinguishable gray levels. Then (neglecting 
redundancy in the photographed surface) the required 
number of bits to be transmitted would be 3X10°. 
Using the same parameter values as in Table I, for 
R=108 km we get a minimum radiated energy require- 
ment of 510° watt-seconds. If the total transmission 
time were 5 X 104 seconds (14 hours), the minimum aver- 
age radiated power would be 100 watts. 


INDICATED USEFUL AREAS OF RESEARCH 
AND DEVELOPMENT 


The following are some areas of research and develop- 
ment which, in the light of the considerations above, 
take on importance in the achievement of communica- 
tions tasks associated with space flight. 


Electrical Energy and Power Sources 


Clearly, space communications will be dependent upon 
the availability of electrical energy and power sources. 
This factor may in many cases be a limiting one in the 
useful lifetime of a space vehicle, as in the case of the 
initial earth satellites. For a good survey of the charac- 
teristics and capabilities of present and possible future 
electrical energy sources see Huth.® 


Radio- Frequency Power Sources 


We consider here particularly the improvement of the 
capabilities of solid-state RF power sources, which are 
intrinsically more efficient than those which require 
filament power. At present, the power capabilities of 
solid-state devices are severely limited, especially at 
frequencies in the range of 100 mc or higher. 

Also, applications can be envisaged® in which it is 
desired that the transmission consist of relatively short 
(say, millisecond) pulses of relatively high (kilowatt) 
peak powers. Present-day tubes capable of delivering 
kilowatts of peak power must draw substantial filament 
power for times much longer than a millisecond, thus 
resulting, in such cases, in very low efficiency. 


Data Storage and Data Encoding 


It has been stated above that the requirement for 
data storage may arise, for example, from line-of-sight 
considerations, or for purposes of retransmission at a 
slower rate, reducing required channel capacity. 

Improved data-encoding methods will yield channels 
which are closer to the maximum transmission rate. 


Low Noise Receivers 


This refers to such devices as masers. 


§ J. H. Huth, “A Discussion of Energy Sources for Space Com- 
munications,” The RAND Corp., Paper No. P-1318; March, 1958. 

® P. Swerling and C. M. Crain, “A Possible Transponding System 
for an Artificial Asteroid,” The RAND Corp., RAND Memo. No. 
RM-2172; May, 1958. 


1958 Swerling: Space 


Directive Vehicle Antennas 


It has been seen that the use of a vehicle antenna 
having a gain of, say, 100 or 1000 can have a very large 
payoff in terms of required power, or, alternatively, in 
terms of possible channel capacity, necessary ground 
antenna size, etc. There would be imposed the require- 
ment that the vehicle antenna beam be stabilized and 
capable of tracking the other end of the communication 
link. Methods for doing this would appear to be a most 
promising avenue for development. Nonmechanical 
(electronic) beam steering may be particularly impor- 
tant in this connection. 


Very Large Surface Antennas 


Radio astronomy, the air defense surveillance net, 
and current space-flight tracking activities are building 
up a backlog of experience in the use of very large steer- 
able ground antennas, which are necessary to many 
space communication missions. 

In this connection, one might mention two limitations 
on the useful size of ground antennas. First, if the com- 
munication is supposed to penetrate the earth’s atmos- 
phere, the atmosphere will cause phase distortions of the 
wave front.!° These distortions have the effect that, at 
any given frequency, a receiving antenna, beyond a 
certain size, will not realize its full theoretical receiving 
area. It has been estimated, for example, that the maxi- 
mum useful size of receiving antennas due to this factor 
is about 500-foot diameter for a 10,000-mc frequency. A 
second limitation arises from the fact that very large 
antennas cost a large amount of money. 


Circuit Components 


This category is meant to include such items as im- 
proved miniaturization and packaging of components; 
greatly improved reliability for unattended operation up 
to perhaps several years; and investigation of, and pro- 
tection from, damage caused by meteoric impact or 
radiation in space." 


Research on Cosmic, Solar, and other External Noise 
Sources 


This has been discussed above. Continued research in 
this field is necessary with a view to compiling the most 
complete maps possible of noise intensity as a function 
of frequency and direction, and for different states of 
solar activity. One could also investigate what, if any, 
difference in noise intensity there would be outside the 
atmosphere. 


Research on Atmospheric Physics of the Solar System 


The fact that the earth’s gaseous atmosphere and 
ionosphere crucially affect present-day communication 


10C, M. Crain, “Survey of airborne microwave refractometer 
measurements,” Proc. IRE, vol. 43, pp. 1405-1411; October, 1955. 

1 J, J. Harwood, H. H. Hausner, J. G. Morse, and W. G. Rauch, 
“Effects of Radiation on Materials,” Reinhold Publishing Co., New 
York, N. Y.; 1958. 
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is obvious. In like manner, the atmospheres and iono- 
spheres of other bodies in the solar system will affect 
communication to or from the surface of these bodies. 

In this connection one might mention the region of 
space of most immediate interest, that is, the earth- 
moon system. Although the moon hasa negligible gaseous 
atmosphere, electron densities in the neighborhood of 
the moon may reach the respectable values of 108 or 107 
per cubic centimeter,” which would certainly affect 
communication in this region.’ Even in the space be- 
tween earth and moon, electron densities may be of the 
order of 10 per cc. This affects, among other things, the 
velocity of light in earth-moon space. More precise 
measurement of electron densities in these regions con- 
stitutes an immediate possibility for useful research of 
this type. 


Search and Acquisition Techniques 


If continuous tracking of the space vehicle is impossi- 
ble for any reason (such as intermittent radiation from 
the vehicle), it is necessary to search for and acquire the 
vehicle if communication is to resume. In many cases, 
simultaneous search in direction and frequency may be 
necessary. 

Very large ground antennas have correspondingly 
small beamwidths; consequently auxiliary searching an- 
tennas with wider beams may be necessary in some 
cases. Also, precise trajectory predictions will be very 
important in reducing the area of sky to be searched. 

In the frequency domain, for communication fre- 
quencies of interest (say a few hundred to a few thou- 
sand megacycles), and for typical radial velocities (or the 
order of tens of kilometers per second), Doppler shifts 
will be of the order of kilocycles or tens of kilocycles, 
while it may be desired to use a channel bandwidth of, 
say, one hundred, ten, or even one cycle per second. In 
other words, Doppler shifts may be many times as large 
as the desired channel bandwidth. 

Precise trajectory predictions will enable one to re- 
duce greatly the unknown component of those Doppler 
shifts. Even if the unknown component remains larger 
than the desired channel bandwidth, methods are avail- 
able for searching for and locking onto a narrow band 


signal when the uncertainty in location exceeds the 
bandwidth. 


ADDITIONAL FACTORS 


The above list is not, of course, exhaustive. As an illus- 
tration of some of the other factors which must be con- 
sidered by the space communication system designer, 
one might mention the choice of frequency. 

To illustrate, consider the case of communication be- 
tween the earth’s surface and a point beyond the earth’s 
atmosphere. For frequencies above about 30,000 mc, 


12 Some estimates are as high as 10!° per cubic centimeter. 

13S, Chapman, “Notes on the solar corona and the terrestrial 
ionosphere,” Smithsonian Contributions to Astrophysics, vol. 2, pp. 
1-14; 1957. 
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there will be very large atmospheric absorption losses, 
while below about 10 mc the radiation will be reflected 
by the ionosphere. Other atmospheric effects must also 
be taken into account. For example, below about 1000 
mc the plane of polarization of the radiation will be ro- 
tated in the ionosphere by some unpredictable amount, 
causing polarization losses, unless one uses, say, circu- 
larly polarized antennas. (Analogous considerations 
apply to communication to and from the surfaces of 
extraterrestrial bodies.) 

On the other hand, the noise level is also affected by 
the choice of frequency, in the case of both cosmic and 
solar noise and internal receiver noise. 

Also, in choosing frequency, an eye must be kept on 
the fact that, at any given time, the availability of com- 
ponents having desired characteristics is definitely de- 
pendent upon operating frequency. 

It is likewise of interest to mention relativistic effects 
on the various communication equations. If B=v/c, 
where v represents vehicle radial velocity (positive for 
approaching, negative for receding) and ¢ represents the 
velocity of light, then" 


GS inoving (1 = 6)? Ls 
= (S) 
(S;)g—o ten) 
WwW moving 1 aia 
Wore 4 /TEB, ® 
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4 FE. Rechtin, “Space communications—feasibility, ” ” Lectures on 
space technology, Univ. of Calif., Berkeley; 1958. 
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Also, the Doppler shift in frequency f is given by 


moving 1+ 8 
aii ry ies (7 
Sa=o Roe fe) 


At least for the first phases of space flight (say, ex- 
ploration of the solar system), relativistic effects will be 
negligible. The one possible exception is the measure- 
ment of radial velocity by Doppler shift. For example, 
if fs-o were 1000 mc, and v were 30 km/sec, one would 
have to use the relativistic expression in order to convert 
f to B, if an accuracy of about one in 10~ or better were 
desired. 

One should not leave this subject without taking note 
of some speculations on using the space environment to 
facilitate space communications. Among such specula- 
tions are the following: 


1) Taking advantage of the natural high vacuum 
that exists in space. 

2) Taking advantage of the large temperature dif- 
ferences and near-absolute-zero temperatures 
available. 

3) Taking advantage of the absence of gravity in 
building and steering large structures, such as 
antennas. 


It should be noted that the use of space vehicles as aids 
to earth communications is growing beyond the specu- 
lative stage. 

In closing, let me add that, in all probability, the most 
important novel interactions between communications 
and space flight are unpredictable at present. 
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Self-Contained Guidance Systems* 
/ CHARLES S. DRAPER} 


Summary—lInertial guidance is based on the use of reference 
coordinates established by applications of Newton’s Laws of Motion 
to self-contained systems. Gyro units carried by servo-powered 
gimbals give accurate information on preset angular positions that 
may be used to supply the function of the celestial sphere in con- 
ventional navigation. Changes in position are indicated by integration 
of acceleration components along axes fixed to the gyro-stabilized 
member. When vehicles moving over or near the earth’s surface 
are involved, the use of Schuler tuning to give vertical indications 
unaffected by linear acceleration makes accurate long-range inertial 
guidance possible. Because in all cases only the laws of gravity and 
classical mechanics are involved, inertial guidance systems are 
generally free from interference, short of actual physical damage. 
Systems based on gyro units and accelerometers are made possible 
only by modern developments in mechanical design, materials, elec- 
tronics, and servomechanism techniques. Illustrative examples are 
given and discussed to bring out the nature of the problems in- 
volved. Beyond question, the future holds many applications of 
inertial principles to a wide range of guidance problems. 


INTRODUCTION 


UIDANCE is the process of causing an object to 
follow some desired path with respect to selected 
reference points. Various methods for guidance 

are possible, the essential differences being in the co- 
ordinate systems that are used and the means employed 
to establish positions in these systems. Direct-radiation- 
contact guidance is carried out by means of electromag- 
netic- or sonic-wave connections between the guided en- 
tity and the reference points. Auxiliary-reference guid- 
ance uses one or more coordinate systems in addition to 
the space directly determined by the selected reference 
points and the guided entity. Fig. 1(a) illustrates the 
simplest possible guidance situation, with direct visual 
line-of-sight contact between a man and a cave as his 
destination. Here the single set of coordinates fixed to 
the man’s head is the only space involved. Fig. 1(b) 
illustrates direct-radiation-contact guidance when opti- 
cal radiation is replaced by radio wavelengths and ref- 
erence points fixed to the earth are established by a 
number of stations. Arrangements of this kind make it 
possible to accomplish guidance when the reference 
points and the guided entity are all beyond line-of-sight 
contacts, or when poor visibility eliminates visual 
observations. 

The essential result of using radiation contacts is that 
the present position of the guided entity is known. Guid- 
ance itself is the process of changing the direction and 
magnitude of the motion of the guided entity so that the 
present position approaches the desired position. Fig. 2 
illustrates the guidance corrections for a typical instant 
when the present position is not on the desired track, so 


* Manuscript received by the PGMIL, September 15, 1958. 
+ Prof. and Head, Dept. of Aeronaut. Eng. and Director, Instru- 
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~. . DESIRED.PATH 


LINE OF SIGHT GIVES DIRECT INFORMATION ON RELATIVE POSITION BETWEEN MAN AND 
HIS DESTINATION. 
SINGLE COORDINATE SPACE FIXED TO MAN’S HEAD IS SUFFICIENT. 


(a) 


RADIO-FREQUENCY PULSES EMANATING LAND-BASED LORAN STATIONS 


FROM LAND-BASED LORAN STATIONS 


DESTINATION 


DEPARTURE 


— 2 
~_>RADIO-WAVE™ ~~ 
— PATTERN 


AIRCRAFT 


NAVIGATOR LORAN CHART 


DEPARTURE AND DESTINATION ARE KNOWN IN EARTH COORDINATES (LATITUDE AND LONGITUDE). 
DESIRED TRACK |S ESTABLISHED FROM KNOWLEDGE OF, DEPARTURE AND DESTINATION IN EARTH 
COORDINATES. : 

LAND-BASED STATIONS AND EQUIPMENT ABOARD THE AIRCRAFT COUPLED BY RADIO-WAVE PATTERN 
GIVE LOCATION IN LORAN COORDINATES (HYPERBOLIC PLOTS BETWEEN LORAN STATIONS). 
RELATIONSHIP OF LORAN COORDINATES WITH RESPECT TO EARCH COORDINATES ARE AVAILABLE IN 
FORM OF LORAN CHARTS. ‘ 

USING KNOWN RELATIONSHIP BETWEEN LORAN COORDINATES AND EARTH COORDINATES, AIRCRAFT 
1S LOCATED IN EARTH COORDINATES TO GIVE PRESENT POSITION. - 


(b) 


Fig. 1—Guidance in terrestrial coordinates when a clear line of sight 
exists or a direct radiation connection is available. (a) Destination 
directly visible to man. (b) Earth coordinates and a typical refer- 
ence coordinate system. 


[PROGRAMMED TRACK] 
DESIRED TRACK 


DISTANCE-TO-GO CORRECTION PROGRAMMED 


POSITION 


TRACK ae 1S 
CORRECTION spire ges a 
Spee : Se TO DESTINATION 

pains FE, 

wees 
ae 
Lee He TOTAL 
PRESENT CORRECTION 
FROM ACTUAL POSITION 
DEP ARTURE PATH 


PRESENT POSITION WITH RESPECT TO DESIRED TRACK (THE PROGRAMMED TRACK) GIVES THE 
TRACK CORRECTION, WHICH IS THE CHANGE IN PRESENT POSITION REQUIRED TO BRING THE 
VEHICLE TO THE PROGRAMMED T RACK, 


PRESENT POSITION WITH RESPECT TO THE PROGRAMMED POSITION (THE POSITION PLANNED 
FOR THE VEHICLE TO OCCUPY AT A GIVEN INSTANT) THEN GIVES THE DISTANCE-TO-GO COR- 
RECTION, WHICH 1S THE CHANGE IN PRESENT POSITION REQUIRED TO BRING THE VEHICLE FROM 
ITS PRESENT POSITION AT A GIVEN INSTANT TO THE PROGRAMMED POSITION FOR THE SAME 
INSTANT. 


Fig. 2—Guidance corrections. 


that a track correction and a distance-to-go correction are 
required to bring the guided entity into coincidence 
with the programmed position. A perfect guidance sys- 
tem would keep both corrections substantially at zero. 
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WHEN DEPARTURE AND DESTINATION ARE 
BEYOND LINE-OF-SIGHT CONTACT OR DI- 
RECT RADIATION CONNECTION IS NOT POS- 
SIBLE, CELESTIAL REFERENCE COORDINATES 
MAY BE USED FOR GUIDANCE. 


CELESTIAL SPHERE 
RIGHT ASCENSION (infinite radius; center 


at earth's center) 
eSWls NORTH CELESTIAL POLE 


ee ZENITH OF AIRCRAFT'S 

POSITION 
(intersection of local vertical 
through aircraft's position 
with celestial sphere) 


HOUR CIRCLE OF 
VERNAL EQUINOX 


GEOGRAPHICAL 
POSITION OF STAR 
(point on earth direct- 
ly below star) 


LOCAL VERTICAL 
THROUGH AIRCRAFT'S 
POSITION 


CELESTIAL 4 
MERIDIANS 


DEPARTURE 


EQUINOCTIAL 
(celestial equator) 


HOUR CIRCLE 
OF STAR 


AIRCRAFT 


CENTER OF EARTH 


DEPARTURE AND DESTINATION ARE KNOWN IN EARTH COORDINATES AND ESTABLISH THE 
PROGRAMMED TRACK IN EARTH COORDINATES. ; 


CELESTIAL SPACE, ESTABLISHED BY THE FIXED STARS, MAY BE USED TO PROVIDE REF- 
ERENCE COORDINATES FOR GUIDANCE, 


AT ANY GIVEN INSTANT, AS ESTABLISHED BY A CHRONOMETER OR SOME OTHER ACCURATE 
TIME-INDICAT ING DEVICE, THE POSITION OF THE EARTH COORDINATE SYSTEM WITH RE- 
SPECT TO THE CELESTIAL-SPACE COORDINATE SYSTEM IS KNOWN FROM ALMANAC INFOR- 
MATION, : g 


AT A PARTICULAR INSTANT, THE PRESENT POSITION MAY BE ESTABLISHED IN CELESTIAL 
SPACE BY LINES OF SIGHT TO PROPERLY CHOSEN STARS. 


THIS PRESENT POSITION IN CELESTIAL REFERENCE COORDINATES MAY BE TRANSFERRED TO 
EARTH COORDINATES BY THE USE OF ACCURATE TIME AND INFORMATION ON THE RELATION- 
SHIP BETWEEN CELESTIAL: COORDINATES AND EARTH COORDINATES. 


(a) 


LINE OF SIGHT 
R 


LOCAL VERTICAL TO STA 


THROUGH GEOGRAPHICAL STAR 
POSITION OF STAR 


ZENITH OF AIRCRAFT’S 
POSITION 


ALTITUDE OF STAR DIRECTION OF LOCAL 


VERTICAL THROUGH 


GEOGRAPHICAL POSITION OF STAR FR Ae BOSON 


(latitude and longitude given as a func- 
tion of time by nautical almanac) 


90°— ALTITUDE OF STAR 


DISTANCE OF AIRCRAFT FROM 
GEOGRAPHICAL POSITION 
OF STAR IN NAUTICAL MILES 
(equal to 90°— altitude of star, 

measured in minutes of arc) 


LOCAL HORIZONTAL IN 
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Fig. 3—Guidance by use of celestial reference coordinates when 
destination is beyond line-of-sight contact or direct radiation 
connection. (a) Present position in earth coordinates by transfer 
from celestial reference coordinates. (b) Angles between celestial- 
body lines of sight and local direction of gravity gives present 
position in celestial reference coordinates. (See Dutton [i].) 


Direct-radiation-contact guidance is very often not 
possible for a number of reasons. The necessary equip- 
ment may not exist or may not be working because of 
natural or man-made interference. Lines of sight may 
not be available because of weather conditions, obstruc- 
tions, lack of landmarks, or earth’s curvature. When 
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unfavorable radiation-contact conditions exist for any 
of these reasons, the celestial sphere may be used to pro- 
vide auxiliary coordinates for guidance purposes. This, 
of course, is possible only when line-of-sight contacts 
with suitable stars are available. This use of stars is very 
old and is the basis for the universally practiced method 
of celestial navigation [1]. 

Fig. 3(a) illustrates the determination of present posi- 
tion by the use of star lines of sight and celestial refer- 
ence coordinates. Fig. 3(b) shows that the essential data 
determined by observations are the angles between the 
local direction of gravity at the present position and a 
line of sight to a properly selected star. Figs. 4 and 5 
illustrate the way in which a sextant or an octant is used 
by a human observer to measure the line-of-sight data 
needed to fix present position with respect to the celes- 
tial sphere. 

The instantaneous position of the latitude and longi- 
tude coordinates of the earth with respect to the celestial 
sphere is fixed by the instant of time at which observa- 
tions are made. By use of almanac data on stars and a 
knowledge of time from chronometer readings, it is a 
routine matter to transfer present position from celestial 
coordinates to earth coordinates. 


INERTIAL REFERENCE COORDINATES FOR GUIDANCE 


Celestial space does not provide reference coordinates 
that are completely satisfactory for guidance purposes 
because they are available only under the special cir- 
cumstances that allow reliable observations of stars. 
Overcasts, noctilucent clouds, daylight, too-close prox- 
imity to solar-system bodies, aerodynamic boundary 
layers on the guided vehicle, and imperfect windows 
combine to make celestial-body observations inaccurate 
or impossible. Special equipment may partially over- 
come these troubles by the addition of some complexity, 
but it is not likely that a completely satisfactory solu- 
tion will be reached in equipment of reasonable size and 
cost. 

The line-of-sight observation difficulties that are 
associated with the use of celestial space to provide 
auxiliary reference coordinates for guidance purposes 
may be eliminated by the use of instrumentally estab- 
lished inertial reference coordinates. This approach is 
feasible because Newton’s Law of Dynamics [2] shows 
that the acceleration of a mass particle in response to an 
applied force occurs with respect to inertial space, which 
is effectively identical with celestial space. Gyroscopic 
rotors make it possible to establish an artificial inertial 
reference space within vehicle-carried guidance equip- 
ment. This inertial reference space may be given any 
desired orientation in celestial coordinates and has the 
very great advantage of giving continuous operation 
for guidance purposes, whether or not lines of sight to 
celestial bodies are available. Fig. 6 illustrates the basic 
features of a configuration in which an inertial reference 
package holds an initially established orientation with 
respect to celestial space. This orientation is shown with 
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Fig. 4—Navigator’s measurement of angles between celestial- 
body lines of sight and local direction of gravity. 


the supporting axis of the package set parallel to the 
earth’s axis of rotation. 

With the arrangement of Fig. 6, two auxiliary spaces 
are effectively applied in solving the guidance problem: 
inertial reference coordinates and earth reference co- 
ordinates. The inertial reference coordinates are fixed 
to the mechanical component that carries the inertial- 
reference package. These coordinates are given an 
initial orientation with respect to celestial coordinates 
and are held in this orientation by components inside 
the package. The inertial space established by this 
instrumental means provides the auxiliary reference 
coordinates for guidance purposes. The conversion from 
these inertial reference coordinates to earth reference 
coordinates is especially simple when the support axis 
for the inertial-reference package is set parallel to the 
earth’s axis. This is true because with this arrangement 
it is only necessary to supply an accurate sidereal time 
signal to the drive between the package and the gimbal. 
This drive then causes the gimbal to be so rotated that 
it always remains parallel to some meridian of longitude 
on the earth. Thus the gimbal may be used as the 
earth reference member from which positions may be 
found in terms of angles between the local direction of 
gravity and a direction fixed with the proper orientation 
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Fig. 5—Use of bubble octant to establish angle between celestial- 
body line of sight and local direction of gravity. 


to the reference member. Various configurations for 
realizing indications of present position by inertial- 
guidance equipment are possible, but the basic princi- 
ples involved in each case are those just described. 

Satisfactory inertial-guidance equipment for vehicles 

to be guided with respect to references that are located 
in earth coordinates depends on the practical realization 
of: 

1) Means for maintaining the orientation with re- 
spect to inertial space of the inertial-reference 
package carried by a moving vehicle within toler- 
ance limits and over time periods that are com- 
patible with the requirements of the guidance 
problem to be solved. 

2) Means for accurately indicating the local direction 
of gravity within equipment subjected to the er- 
ratic rotations, linear accelerations, and gravita- 
tional components that accompany the operation 
of a moving vehicle. 
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Fig. 6—Guidance by substitution of inertial reference coordi- 
nates for celestial coordinates. 


The first of these requirements may be met by a servo- 
driven gimbal system and gyro units with proper per- 
formance as far as the ability to hold orientation with 
respect to inertial space is concerned. Units with this 
low-drift-rate characteristic are of primary importance 
for inertial-guidance equipment. Reduced to the sim- 
plest terms, inertial guidance is a refined form of dead- 
reckoning navigation in which good accuracy of present- 
position indications depends on inertial-reference-pack- 
age coordinates that within certain tolerance limits 
maintain their orientation with respect to inertial space. 

The second special inertial-system requirement ap- 
plies particularly to equipment for use in winged or 
floating vehicles that ordinarily operate with gravita- 
tional-field effects balanced by externally applied forces. 
The instrumental problem to be solved is that of ac- 
curately determining the direction of gravity in the 
presence of linear accelerations that vary erratically in 
direction and magnitude. This is difficult to accomplish 
in practice because of the physical fact described by 
Einstein’s [3] principle of equivalence, which states 
that, in general, it is impossible to distinguish body 
force components due to linear acceleration from body 
force components due to gravitational-field effects. In 
the face of this situation, satisfactory indications of the 
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local vertical, which by definition is identical with the 
direction of gravity as this direction would be indicated 
by an accurate plumb bob suspended from a point 
fixed to the earth, may be achieved by designing the 
proper dynamic characteristics into the vertical indicat- 
ing subsystem. The nature of these characteristics and 
their theoretical background have been described by 
Schuler and others in a series of articles [4]-[8]. Schu- 
ler’s great contributions to the field of inertial guidance 
are universally honored by describing the essential dy- 
namic characteristic of vertical-indicating subsystems 
as Schuler tuning. 

Inertial-guidance equipment that must operate in 
environments that prevent the direction of gravity from 
being used as an input obviously cannot be designed to 
use this direction for determining position. For example, 
the orbiting flight of a satellite causes gravity to be 
exactly counterbalanced by centrifugal force, so that 
any specific force receiver such as a pendulum would 
have zero input and could not be used to establish the 
direction of gravity. A similar condition would exist in 
the unpropelled portion of a ballistic-missile flight or in 
a freely falling airplane. Interplanetary or moon-travel 
vehicles would also be substantially free from gravity 
for part of their trajectories so that the “direction of 
gravity with respect to the earth” would have no prac- 
tical significance. In certain cases, variations in the 
gravitational gradient may be used for establishing a 
direction, although this effect is very much weaker than 
that of gravity acting on an unbalanced mass supported 
on a stationary base. 

Integration of specific-force components with respect 
to known inertial reference coordinates may be used 
for inertial-guidance purposes when gravitational force 
direction is not available. Systems based on specific- 
force-component inputs also have certain advantages 
for guidance from gravity-direction changes. Wrigley, 
Woodbury, and Hovorka [9] give a discussion of the 
various configurations that may be used for practical 
equipment and indicate the performance characteristics 
to be expected. 

The basic problems of low-drift-rate gyro units and 
other special components for inertial guidance systems 
are described in various sources [10 |-[13]. 


GENERAL FEATURES OF AN INERTIAL GUIDANCE 
SYSTEM 


Inertial-system operation depends on the availability 
of four mechanism components: 

1) An «inertial reference package, which provides 
signals depending on the deviation of the package from 
an orientation that is nonrotating with respect to inertial 
space. 

2) A specific force receiving package, which provides 
signals depending on the resultant of gravitational 
forces and the inertia-reaction forces due to the linear 
acceleration with respect to inertial space that acts on 
the package. 
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3) A time signal generator, which gives an output ac- 
curately representing sidereal time. 

4) An indicating system, which shows the change in 
direction of the local vertical with respect to a direction 
related to the point of departure by the inertial-reference 
package and sidereal time, and generates guidance in- 
formation by comparing the angle between these two 
directions with a guidance program. 

A complete description of all the possible system 
types would be out of place in the present discussion of 
principles. To illustrate the kinds of problems that are 
associated with the practical realization of inertial 
guidance, a system employing the earth’s gravity field 
direction for use between terrestrial points will be used 
for the purpose of describing principles. 


MECHANICAL FEATURES OF AN ILLUSTRATIVE 
INERTIAL GUIDANCE SYSTEM 


Fig. 7 is a line-schematic diagram showing the essen- 
tial elements of the mechanical subsystem for an illus- 
trative inertial guidance system in which the inertial- 
reference package and the specific force receiving pack- 
age are both rigidly connected to a controlled member. 
This controlled member is mounted on a base by means 
of a three-gimbal system that allows the controlled 
member complete angular freedom with respect to the 
base. The system includes three single-axis servomotor 
drives: one between the outer gimbal support and the 
outer gimbal; one between the outer gimbal and the 
middle gimbal; and one between the middle gimbal 
and the inner gimbal, which carries the controlled 
member. A system of this kind is discussed by Draper 
and Woodbury [14]. 

The specific force receiving package of Fig. 7 consists 
of two single-direction-sensitivity specific force receiver 
units with their input axes at right angles to each other 
in a plane perpendicular to the axis of the inner gimbal. 
This package has the function of receiving the specific 
force inputs that form the basis for indicating the direc- 
tion of gravity, and for this reason is also called the 
indicated vertical package. 

Fig. 8 is a functional diagram for an inertial guidance 
system based on the mechanical arrangement of Fig. 7. 
Each of the three gyro units of the inertial-reference 
package, by interactions among its internal components, 
generates a signal proportional to the inertial-space 
rotation of its case about the input axis with respect to 
a reference orientation of the case. This reference orienta- 
tion is nonrotating with respect to inertial space unless 
changed by an input command signal to the gyro unit. 

The angular-stabilization loop of Fig. 8 operates to 
keep the change in orientation of the controlled member 
effectively identical with the change in the reference 
orientation of the inertial-reference package. This means 
that the components that make up the stabilization 
loop act as a three-axis inertial-space angular integrating 
system, which may be also called a space integrator when 
a misunderstanding is not likely. 
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Fig. 7—Line-schematic diagram showing the essential mechanical 
elements of an inertial guidance system based on rotation of the 
inertial-reference package with the indicated vertical. 


The two units of the specific force receiving package 
shown in Fig. 7 are rigidly attached to the controlled 
member so that they generate signals proportional to 
the specific forces acting along two directions at right 
angles to the inner-gimbal axis. These two signals form 
a composite specific-force signal representing the result- 
ant of linear-acceleration forces in a plane normal to the 
axis of the inner gimbal and the projection of gravita- 
tional force on this plane. This specific-force signal is 
the input for the indicated vertical drive signal generator, 
which supplies the input signal for the space integrator. 
The response of the space integrator to this signal is to 
rotate a direction fixed to the controlled member into 
substantial coincidence with the local direction of gravity, 
that is, the direction in which an accurate plumb bob 
would hang on a stationary base at the instantaneous 
location of the guidance system. 

The gravitational-force components act to correct 
the indicated vertical, but the horizontal-plane linear- 
force components, which in modern aircraft are of 
considerable magnitude in comparison with gravity 
and continue for relatively long time intervals, act to 
cause intolerably great errors of the indicated vertical 
unless the equipment involved is properly designed. 
The basic problem that must be solved by a satisfactory 
vertical indicating system 1s that of compensating for the 
interfering effects of linear-acceleration disturbances, so 
that the indicated vertical accurately follows the local direc- 
tion of gravity when the system 1s carried by a moving 
vehicle as well as when it is stationary on the earth. The 
solution is provided by Schuler tuning. 
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Fig. 8—Functional diagram showing essential subsystems and components of an illustrative inertial guidance 
system based on continuous alignment of the inertial package with the indicated vertical. 
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As shown by Fig. 8, the vertical indicating system, 
which is formed by the indicated vertical drive signal 
generating system and the space“integrator, has the posi- 
tion and orientation of the aircraft as its inputs and 
produces the indicated vertical and the indicated vertical 
drive signal as its outputs. A necessity for realizing iner- 
tial guidance in practice is the provision of an integrat- 
ing computer as part of the equipment. This computer 
should have the same integration performance as the 
space integrator containing the inertial-reference pack- 
age. By supplying the integrating computer with the 
indicated vertical drive signal as its input, an output 
representing the resultant angular change in the direc- 
tion of the indicated vertical during any elapsed time 
period will be generated. The signal representing this 
angular displacement will be a measure of the distance 
moved by a craft carrying the equipment over a non- 
rotating earth. With the equipment stationary on the 
actual earth, which is rotating at the rate of one revolu- 
tion in twenty-four sidereal hours, the integrating com- 
puter will give an output corresponding to an indication 
of sidereal time. Because the angular velocity of the 
earth is accurately known, it is possible to subtract 
the effect of the earth’s rotation from the integral 
of the indicated vertical drive signal on the basis of an 
input to the integrating computer from a sidereal time 
signal generator. 

The indicated vertical drive signal integrating com- 
puter of Fig. 8 produces a signal whose change during 
any given time interval represents the change in indi- 
cated position with respect to the earth during the same 
interval. This indicated-position-change signal is the 
primary input for the zndicated position signal generating 
system, which also accepts settings of initial position, 
initial direction, and initial speed. This system com- 
bines the information on indicated-position change 
with information on starting conditions to produce out- 
put signals that continuously represent the position, 
the direction, and the speed of the aircraft carrying the 
guidance system 

The indicated-position signal is one of the inputs to 
the indicated position correction generating system, which 
also receives programmed position, programmed direc- 
tion, and programmed speed from a source outside of 
the system represented by the functional diagram of 
Fig. 8. This system compares instantaneous states of 
the programmed quantities with the actual states of the 
same quantities and produces a composite signal repre- 
senting the corrections to the actual quantities that 
are required to bring them into agreement with their 
programmed states. 

Fig. 8 shows that the output of the inertial guidance 
system, which functionally combines the stabilization 
loop and the vertical indication loop to form the guzd- 
ance indicating loop, is the aircraft position correction 
signal. This signal contains the information necessary 
to change the direction and speed of the aircraft so as 
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to cause it to approach the programmed state of these 
quantities. The aircraft position correction signal is the 
primary input for the autopilot that produces the inputs 
necessary to operate the orientation control system of 
the aircraft and to adjust the power setting of the pro- 
pulsion system. The flight control system, whose basic 
function is to determine the path and speed of the 
vehicle carrying the inertial guidance system, is made 
up of the autopilot and the aircraft itself. 


GEONAVIGATIONAL FACTORS—SHAPE OF THE 
Earta [16|-[18] 


According to Newton’s law of gravitation, a massive 
body such as the earth can be considered as having 
associated with it a gravitational field. The spatial 
direction of this field at any given point on the earth 
might serve as a unique identification of the position 
of that point. However, it is impossible to distinguish 
directly between gravitational forces and inertial forces, 
such as the centrifugal force due to the earth’s daily 
rotation. This is expressed in a basic law of physics, 
namely the principle of equivalence in the general 
theory of relativity, that gravitational mass and inertial 
mass are equivalent [19].! The vector resultant of the 
earth’s gravitational field and the centrifugal force per 
unit mass due to the earth’s daily rotation is defined 
as the earth’s gravity field (see Fig. 9). The spatial 
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Fig. 9—Relationship of factors to produce the vertical. 


direction of this gravity field is nearly radial and, neg- 
lecting anomalies, is unique at any given point on the 
earth. The secular (time) variation in the direction of 
the gravity field at a given point, caused mainly by tidal 
effects, is less than 0.05 ur [16]. Thus, for navigational 
purposes, the direction of the gravity field is a reliable, 
unique characteristic of any given point on the earth. 


1 Here, gravitational mass is the mass concept inherent in the 
inverse-square law of mass attraction, while zmertzal mass is the mass 
concept inherent in Newton’s second law, that the net force is given 
by the product of mass and acceleration. 
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Furthermore, it is essentially impossible to interfere 
with gravity effects. 

The earth itself is also subject to the equivalence of 
gravitational and inertial effects. Because of daily 
rotation, the associated centrifugal force field causes 
the earth to bulge at the equator, producing an ellip- 
soidal shape. The figure that a fluid body with the mass 
distribution and daily rotation of the earth would have 
is defined as the geoid. The surface of the geoid is repre- 
sented by mean sea level, and variations in the elevation 
of the geoid relative to the closest reference ellipsoid 
are approximately one per cent of the topographic vari- 
ations in elevation. The reference ellipsoid, having an 
ellipticity? of 1/297, is seen to depart only slightly from 
a sphere. The direction of the force of gravity, which ts the 
gradient of the gravity potential at the surface of the geord, 
1s defined as the vertical; it is illustrated in Fig. 10. It is 
indicated most simply by a plumb bob whose base is 
stationary with respect to the earth. 
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Fig. 10—Relationship of the geoid and a reference ellipsoid. 


The geoid is not analytically smooth, because of local 
variations in the densities of the materials that make 
up the earth’s crust. This is further accentuated by the 
topographic variations in the earth’s surface. Such devi- 
ations are known as gravity anomalies. Because the 
geoid does not have an analytically smooth surface, the 
vertical is not in general parallel to the normal to the 
reference ellipsoid at the same position. This angular 
deviation, called the deflection of the vertical or station 
error, is generally less than 0.30 mr, and over a conti- 


* Ellipticity is the ratio of the difference between the equatorial 
radius and the polar semidiameter to the equatorial radius. 
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nental land mass rarely exceeds 0.10 mr. Fig. 10 shows 
the relationship of the geoid to a reference ellipsoid. 


SCHULER TUNING 


The Schuler tuning that is required for accurate 
indication of the vertical on any moving base can be 
achieved in practice by making the force-sensitive 
properties of the vertical indicating system separate 
from the torque-producing properties, in two distinct 
subsystems, and inserting a dynamic control function 
between them. When the dynamic control function is an 
integrator, the vertical indicating system performance 
is of second order and undamped, exhibiting forced 
dynamic acceleration error. By modifying the dynamic 
control function in one of several ways, however, the 
necessary damping can be obtained. 

In the simplest case, the dynamic control function is 
a direct coupling and the performance is describable 
by a first-order differential equation. This is the artificial 
horizon, which acts like a heavily over-damped pendu- 
lum, and cannot be Schuler tuned. Its performance, 
which for typical data is shown as Case a in Fig. 11, 
is not suitable for inertial guidance. 
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Fig. 11—Steady-state amplitude ratio—-period ratio response 
for vertical indication loops. 


If a bypass is added around the coupling integrator, 
the loop is damped, and will settle to a steady state. 
However, the addition of the bypass, while producing 
damping, also results in a forced dynamic error. This 
method is shown in Case c of Fig. 11. 

The preceding system is a “noisy” system, which can 
be markedly improved by the addition of a lag network. 
The immediate result of this more elaborate coupling 
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scheme is a choice between two Schuler-tuning methods: 


1) In one case, the acceleration error is eliminated. 
2) In the other case, the jerk error is eliminated. 


The performance obtained from these two methods is 
shown by Cases di and d2, respectively, of Fig. 11. It 
can be seen that Case d/ represents the best perform- 
ance. This case corresponds to the “differentiated- 
tachometer-feedback” type of damping found to be 
so effective with servomechanisms. 


SPACE-INTEGRATOR PERFORMANCE 


Space integration is the process of receiving signal 
inputs and producing outputs in the form of correspond- 
ing angular-velocity components with respect to inertial 
space. Effective performance of this function is possible 
only if the system involved is insensitive to electrical 
and mechanical disturbing effects. Electrical interference 
is reduced to tolerable levels by the usual techniques of 
design, shielding, and installation. Mechanical inter- 
ference may be due to external torque components 
acting directly on the controlled member or to base oscil- 
lations that tend to move this member by inertial cou- 
pling and support-bearing torques that act against mo- 
tion between the base and the controlled member. 
Only these bearing torques are present under static con- 
ditions, while both bearing torques and inertial coupling 
occur when the base is rotating. The essential features 
of the space-integrator-control-system problem are il- 
lustrated by the pictorial and line-schematic diagrams 
of Fig. 12. This figure actually represents a test table 
for single-degree-of-freedom gyro units with a servo- 
drive supplied with power from an electronic amplifier 
on the basis of signals from the gyro unit under test. 

Fig. 13 is a functional diagram for the gyro-test-table 
system. The base supports the controlled member shaft, 
which also carries the rotor of the drive motor. The 
gyro unit is fixed to the controlled member, with its 
input axis parallel to the axis of rotation of the con- 
trolled-member shaft. The gyro unit is shown as receiv- 
ing the orientation of the controlled member, the input 
command signal, and the modifying inputs that corre- 
spond to the excitations and environmental-control 
quantities necessary to keep the unit operating properly. 
The output signal from the gyro unit, which represents 
the angular correction to the orientation of the con- 
trolled member required to bring the actual orientation 
of the output axis into coincidence with the reference 
orientation of the output axis, is the input for the 
controlled member drive motor power control system. This 
system consists of a number of components including: 
the ac preamplifier, the demodulator, the signal modi- 
fier, the dc amplifier, the modulator, the ac_ post- 
modulator amplifier, and the motor drive power ampli- 
fier. The output current from this latter amplifier is the 
input for the controlled member drive motor and inter- 
acts with the drive-motor excitation to apply torque to 
the controlled member. 
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Fig. 12—Pictorial diagram showing the elements of an illustrative 
single-axis controlled member inertial space geometrical stabiliza- 
tion system. (a) Elementary pictorial diagram of single-axis 
servo-table gyro test equipment. (b) Line schematic of single-axis 
servo-table gyro test equipment. 


In practice, it is possible to achieve interference- 
torque input-angular-motion output sensitivities less 
than two hundredths of a milliradian per foot pound. 

Fig. 14 shows typical amplitude-ratio response curves 
for practical space-integrator systems in terms of the 
equivalent undamped natural frequency of the con- 
trolled member geometrical stabilization system. It 
should be noted that: 

1) The command-angle-input response holds near 
unity, its ideal value, to a higher frequency than the 
the frequency at which the interference response begins 
to drop off from its low-frequency level. 

2) Inany practical system, the reference level for this 
low-frequency response is several orders of magnitude 
down from unity. In order to simplify the plot, this 
reference is not shown at its actual position. 


CONCLUSION 


Inertial-guidance principles and problems have been 
outlined in the preceding sections of this paper. De- 
tailed descriptions of specific items of equipment have 
been avoided in favor of generalizations that must be 
true for all inertial guidance systems. It must be con- 
sidered that, at the present time, tests of a few proto- 
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Fig. 14—Magnitude of frequency functions for a typical con- 
trolled member geometrical stabilization system. 


type systems have demonstrated performance at a level 
that holds real promise for many purposes both civilian 
and military. As yet, operational experience with pro- 
duction equipment is just beginning, so it is impossible 
to give statistically valid results, even if the restrictions 
of security were removed. However, the fact that many 
manufacturers are either in production on_ inertial 
guidance systems or are competing for contracts is 
strong evidence that inertial devices are assuming 
greater importance in the search for accurate guidance 
to meet the stringent requirements of the space age. 
The laws of nature that are applied in designing in- 
ertial-guidance equipment are all classical. No break- 
throughs in science are involved. The key to inertial 
guidance is high performance for gyro units and specific 
force receivers. During the past few years, units of these 
types have been improved by several orders of mag- 
nitude as far as drift rates and uncertainty levels are 
concerned. These improvements have come from many 
sources, including design changes, better materials, bet- 
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ter heat treatment, better gauging, better techniques, 
increased attention to cleanliness, and many other 
factors. The end to this improvement has certainly not 
yet arrived. Better components will surely be available 
as developments proceed. The result will be that inertial 
subsystems will be applied in many systems that also 
use other principles, to realize results far beyond any 
that are given by equipment now in common use. The 
series of developments that are to come will surely be 
very interesting and will provide stimulation for many 
engineers and scientists. 
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Baseline Guidance Systems* 
R. §. GRISETTI} anp E. B. MULLEN} 


Summary—This paper surveys the principles underlying the 
radio guidance and tracking of space vehicles. The various techniques 
which can be used for obtaining position and/or velocity information 
are described and their relative merits are assessed. The limitations 
imposed by tropospheric and ionospheric noise on radio systems are 
also discussed. Finally, two specific examples are worked out, illus- 
trating the translation of radar guidance errors into flight uncer- 
tainties in the trajectories of ICBM’s and satellites. 


I. INTRODUCTION 


HE ADVENT of the long-range ballistic rocket 
“ae its application to ICBM’s, satellites, and the 

forthcoming lunar probes, have heightened inter- 
est in various kinds of tracking and guidance systems. 
The purpose of this paper is to review some of the 
general tracking and guidance concepts as exempli- 
fied by the use of baseline configurations in radio-guid- 
ance systems and, in so doing, to highlight some of the 
basic physical considerations, theoretical relations, and 
guidance system applications. The term “baseline” as 
used herein merely denotes the configuration of two 
radio receivers separated by a certain distance. 

A number of different ways of obtaining and utilizing 
the information derived from such a simple system, or a 
complex one comprising several of these baselines, are 
described here. The treatment is restricted primarily to 
considerations which fix the position and velocity vec- 
tors of a space vehicle, and details concerning the means 
by which the vehicle is kept on a prescribed path or 
guided to a particular point in space are not given. 
Neither does the scope of the paper allow any treatment 
of the multiple-tracker problem. By this is meant the 
use of additional down-range tracking facilities to im- 
prove the determination of the vehicle trajectory by the 
insertion-guidance complex. Fig. 1 shows an artist’s 
conception of the particular case of guiding a satellite 
into orbit using a down-range guidance system only. 
An approach such as this would be used to take ad- 
vantage of the greater accuracy resulting from the in- 
crease in the elevation angle. 

For the purposes of this discussion, the tracking con- 
cepts are broken into three basic categories: 


1) systems which extract position as primary sensory 
information, 

2) systems which extract velocity as primary sensory 
information, 

3) systems which extract both position and velocity 
as primary information. 


Many existing tracking systems do not fall directly into 
any of these formal categories because of their special 
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applications. For example, in the tracking of satellites, 
the equations of motion in the earth’s gravitational 
field (neglecting atmospheric effects for low perigee 
orbits) provide enough information so that range need 
not be measured directly to establish the orbit. 

Since we are concerned here with guidance as well as 
tracking, the discussion will be confined to systems 
which provide real-time data to a guidance computer 
for calculation and generation of rocket control and 
other commands. 

The special purpose computer must be regarded as 
an integral part of the guidance system since it is inter- 
mediate in the loop between the sensory data and the 
commands transmitted to the vehicle to correct its 
motion. Some further comments on the computer will 
be made in the next section. 


Fig. 1—Artist’s conception of the guidance of a 
satellite into orbit. 


Il. System CONCEPTS 


In the guidance of a ballistic rocket it is required that 
the vehicle’s position and velocity be known continu- 
ously during the powered flight. From this information, 
appropriate steering commands can be calculated and 
transmitted to the vehicle so that it will follow a desired 
trajectory to cut-off. At cut-off the vehicle must have 
the proper position and velocity vectors as appropriate 
initial conditions for the ballistic trajectory, whether 
the purpose be to hit a certain target on the earth or 
moon, or to achieve a desired orbit around the earth, 
or to send a vehicle on an interplanetary flight. 

The position and velocity can, in general, be pro- 
vided by measuring: 


1) position, and differentiating the position data to 
obtain the velocity components, 

2) rates, and integrating them to obtain position, 

3) both position and rate components. 
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It is evident that many operational considerations must 
be weighed before selecting a system; however, this 
discussion will be restricted to téchnical matters alone. 

A brief résumé of the role of the computer in the 
guidance loop is appropriate at this point. The com- 
puter is a special purpose device, programmed to solve 
a given set of guidance equations in real time. The 
primary purpose of this computer (but not by any 
means the only one) is to generate commands based 
upon a comparison of the radar input data and the 
desired flight performance. These commands may con- 
sist of pitch and yaw turning rates plus other discrete 
commands, such as those which shut off the motors of 
the various stages. 

The turning commands continuously adjust the rock- 
et’s velocity vector so as to bring the three components 
thereof to the correct values corresponding to the 
selected position vector at cut-off of the final stage. 

In treating the input data, the computer will per- 
form averaging, or smoothing, processes and should 
even apply criteria for the rejection of spurious infor- 
mation. If the smoothing times available are sufficiently 
long, it may be feasible to obtain rate information by 
differentiating the position data instead’ of having a 
separate rate system. Of course, this alternative is con- 
tingent upon the accuracy requirements which the 
velocity data must fulfill. 

At the end of each computation cycle, the turning 
rates and other control commands are coded and trans- 
mitted to the vehicle, via the data link. The message 
is received in the airborne receiver, decoded, and trans- 
mitted to the autopilot, which in turn actuates the gim- 
balled engines or rocket vanes to effect the desired 
turns. The discrete control commands, which might be 
used to turn scientific instruments on or off, or to pre- 
arm a warhead, are also processed by the decoder and 
sent through the appropriate channels. 


III. MEASUREMENTS OF POSITION 


Position measurements with a baseline system can 
be obtained, generally, in three ways: angle measuring 
techniques, ranging techniques, and combinations of 
these. 


A. Angular Measurements 


While there are several variations possible in practice, 
all schemes can be understood fundamentally on the 
basis of the following simplified model. The system is 
essentially an interferometer, wherein there are two 
receivers separated by a distance 2D (see Fig. 2). For 
a distant target the phase difference of the waves ar- 
riving at the two stations is given by 


where \ is the wavelength of the radio wave, and @ is 
the angle (from the normal) of arrival. Measurement of @ 
thus yields 6. Note, however, that there is an ambiguity 
in the determination of 6 since ¢ is cyclic for a change 
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in Ri—R, of an integral multiple of \. Note also that 
greatest sensitivity is achieved around @=0°, and poor- 
est sensitivity, around @=90°. With fixed antennas, this 
deterioration in sensitivity must be accepted; but for 
very short baseline systems, to be described later, it is 
always possible to work in the vicinity of 9=0°. 


PARALLEL 
RAYS 


ad 


taal 
STATION | O STATION 2 


Fig. 2—A simple interferometer for measuring 
angular position of target. 


To find the sensitivity of this interferometric system, 
take differentials on both sides of (1): 


Qa 
6¢ = ce 2D cos 666 


or 


r 1 


66 = —-———- 6 
2x 2Dcosé@ 


(2) 
Thus, for fixed operating frequency and baseline length, 
the accuracy with which angular position can be meas- 
ured is set by the limitation on the measurement of 
phase. Conversely, as is often the case, if the angular 
accuracy and operating frequency are specified, the 
baseline length is then determined. For example, if 
1-mr accuracy is required around the 6@=0° position 
for an operating wavelength of 1 foot (f=1000 mc) and 
phase measuring capability of 5°, it is found that D 
must be about 15 feet. For X band (A~0.1 foot), D 
would be reduced to about 1.5 feet. 

Examination of (1) shows that to achieve high ac- 
curacies, it is desirable to use short wavelengths and 
long baseline lengths. However, with increased sensi- 
tivity, the ambiguity intervals become more closely 
spaced. Resolution of these ambiguities may be ef- 
fected by using either additional collinear baseline 
lengths or modulation techniques, or by keeping con- 
tinuous track of the angles from an initially known set 
of values, if that is possible. 

To obtain the range information by use of inter- 
ferometer techniques, a second baseline is needed at a 
known position with respect to the first. For simplicity, 
we choose two perpendicular legs (see Fig. 3). A simple 
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analysis shows that in addition to the phase differences 
between the orthogonal pair of stations (1.e., o32. and 
gs), the phase difference between the pair 12 is also 
required. However, unless D is an appreciable fraction 
of R, dy» will be only the average of 32. and $31, and 
hence will yield no new information. For distant targets 
this limitation dictates a need for very long baselines 
to obtain R accurately and, therefore, a system of this 
simple type is never used for both angular and range 
determinations. 


STATION” 2 


STATION 
x 


Fig. 3—Position determination from three range measurements. 


B. Range Measurement Techniques 


The use of three radars which measure range only 
suffices to determine completely the position of a target. 
This can be seen qualitatively by observing that the 
locus of possible positions as seen by each instrument 
is a sphere and that the intersection of the three spheres 
fixes the position uniquely. If the three stations are 
located as indicated in Fig. 3, and the central one is 
chosen as the origin of coordinates, then R is obtained 
by direct measurement from this central station while 
the elevation & and azimuth A angles are found by 
solving the range equations, 


Ry? = R? — 22D+ D? 
R,.? = R? — 2yD + D? 
R? = x? — vy? — 2? (3) 


in conjunction with the relations 
x = Rcos Ecos A 
y = Roos Esin A 
R sin E. (4) 


Of interest is the uncertainty in the angular positions 
arising from errors in the range measurements. Con- 
sidering the range errors in each of the radars to be 
uncorrelated but of equal mean squares, the rms error 
in the azimuth angle A is given by (assuming D< R/10, 
and setting R’=R/D?*) 


December 


(2 — sin 2A)!/? 
| cos E| 


OAR 


aR’. yee 


Similarly, for the rms error in the elevation angle 

(2+ sin 2A)1/2 

Tee imate 
| sin E| 


Universal curves of (2—sin 2A)!/? and (2+sin 2A)1/? 
(which are merely shifted 90° apart in A) are shown in 
Fig. 4. Qualitatively, the curves tell us that azimuthal 
angles are measured most accurately at low elevation 
angles and that elevation angles are measured most 
accurately at large elevation angles. In considering a 
specific numerical example, present-day range accuracies 
may be taken to be of the order of 100 feet (ase). 
Assuming that accuracies better than 1 mr are required 
in elevation, for elevations above 10°, reference to the 
curves shows that for this case o52/osr = 10 or osx = 10 
and hence that D=10® feet or about 200 miles. This is 
quite a long baseline and would have to be even longer 
if tracking had to be accomplished in both elevation 
and azimuth for low and high elevation angles. 
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Fig. 4—Normalized standard deviation of azimuth and eleva- 
tion angles vs azimuth angle. 


C. Combination Angle and Range Measurements 


In the preceding sections it has been shown that in- 
ordinately long baselines are required for the accurate 
determination of range from an angle-measuring scheme 
and for the accurate determination of angle from a 
range-only measuring complex. Merging the better 
features of both of these systems will result in an ex- 
tremely compact radar capable of measuring both range 
and position angles accurately. The range is measured 
with pulses, and angles are measured on a short base- 
line, in the manner described in Section III-A. 

The tracking function in this radar is achieved by 
use of a servo system controlled by the magnitude and 
sense of the phase difference given by (1). The servo 
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tends to rotate the receiving antennas shown in Fig. 1 
about their common midpoint so as to keep @ equal to 
zero. Thus there is no deterioration of sensitivity with 
angle aspect, and the problem of ambiguities does not 
arise. This is, of course, a description of a conventional 
tracking radar. 

Since angular positions can be so accurately measured 
with a long baseline system, it is natural to inquire if 
such a system could not be adapted to measuring range 
with high precision. In principle, this can be accom- 
plished by suitably modulating the continuous wave used 
to provide the phase difference data and thence the 
angles. Without going into detail, the procedure in- 
volved amounts to putting “markers” on the radio sig- 
nal which serve the same purpose as pulses in a range 
radar. 


D. Engineering Problems 


One of the primary problems of long baseline inter- 
ferometer systems is the necessity for maintaining a very 
high degree of phase stability across the baseline, so 
that phase differences resulting from the target’s posi- 
tion are not degraded by spurious phase errors. Tem- 
perature control of the transmission lines, the use of 
phase-locked ultrastable oscillators, and numerous other 
refinements help to produce and maintain the phase 
synchronizations necessary for precise phase measure- 
ments. Careful attention to these problems and those 
associated with the resolution of ambiguities mentioned 
previously is important in improving the operability 
of such systems. It is anticipated that high precision 
systems of the kind described above will continue to 
have a dominant role in the technology of tracking 
systems. 

In a system which calculates rates from position in- 
formation, it is usually necessary to provide an ap- 
preciable amount of data smoothing in order to remove 
the system noise. In addition, when long smoothing 
times are used, it is necessary to have a good analytical 
model for system data so that the data may be properly 
weighted and updated. This is a relatively straight- 
forward procedure, in tracking a satellite, where the 
Keplerian relations provide the needed model; however, 
for rockets under high accelerations in powered flight, 
the establishment of an adequate model is a more diffi- 
cult matter. 


IV. VELOcITY MEASURING SYSTEMS 


In systems which measure velocities and calculate 
positions by integration, it is necessary to know the 
position at the starting point and to be assured that 
continuous rate information will be obtained. These are 
Doppler systems in which Doppler frequencies and 
differences thereof are used to calculate range rates 
and angular rates. Depending upon the coordinate 
system selected, this procedure may or may not be 
direct. For example, for a system which measures 
R, E, and A (range rate, angular elevation rate, and 
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azimuthal rate, respectively), only R can be obtained 
directly. Referring to Fig. 2, range rate differences are 
given by 


R; — Ri = 2D(sin Ecos AE + cos Esin AA) 
R, — Ry = 2D(sin Esin AE — cos Ecos AA). (7) 


Hence, to solve for E and A, Eand A must be assumed 
known. Thus the extraction of angles becomes an 
iterative process in which it is necessary to know the 
angle in order to compute the angular rate, and hence 
to generate an incrementally different angle for the 
succeeding calculation. 

A system such as this requires initial position infor- 
mation, making the acquisition of targets difficult. 
Furthermore, a temporary loss or degradation of signal 
due to a poor antenna look-angle, exhaust attenuation, 
or other cause, requires a prediction of position changes. 
Depending upon the specific system function, this may 
or may not be a serious consideration. 

A variety of techniques may be used for velocity 
measuring systems. Eq. (2) shows that if the rate of 
change of phase is measured between two stations, 
the angular rate may be deduced. The use of a radar 
tracker provides the necessary position information 
to solve (7) for E and A. Operationally, a CW trans- 
mitter whose signal triggers a beacon on the vehicle 
serves also as the reference for the signal which is syn- 
chronously amplified, offset, and transmitted to the 
ground. The use of an ultrastable airborne oscillator 
would greatly simplify the frequency synchronization 
problem. A CW signal would not have to be transmitted 
to the vehicle, since the Doppler shift in the frequency 
received at the ground from the known frequency trans- 
mitted by the oscillator would suffice to give the radial 
and angular velocity components of the vehicle. The 
utilization of new atomic frequency standards with 
stabilities in the order of 1:10!° shows promise of provid- 
ing a relatively simple and straightforward technique 
for getting accurate velocity information. 

An inherent advantage of Doppler rate systems is 
their ability to provide real-time rate information with- 
out need for long time smoothing. However, an ade- 
quate model for the vehicle’s behavior must be avail- 
able for filling in lapses of information due to signal 
interruption. 

As an example of the kind of frequency stability and 
baseline length required for the accurate measurement 
of rates, consider a satellite at 300 miles altitude (v 
= 25,000 fps). Under the most favorable circumstances, 
this could be the radial rate, and the round-trip Doppler 
frequency observed for a wavelength of 0.1 foot (f=10" 
cps) would be 


2R 
fo= ne = 500 ke. 


If we should like to measure R within 5 fpsytes, 0,02 
per cent, then we must measure fp to the same precision, 


40 IRE TRANSACTIONS ON 


7.e., 100 cps. Thus, in this case, the frequency stability 
must be held to 1 part in 108. The maximum angular 
rate will occur when the satellite passes directly over- 
head, and its value is then about 1.4X10~? radians per 
second. A slight modification of (1) and (2) gives us 


Ri — Ro = D cos 06 


where R; and R» are the distances from the satellite to 
the two stations. To measure 6 with a 1 per cent accuracy 
around §@=0 requires, therefore, that the range-rate 
difference be measured within 1.4X10-4D. Hence, if 
the measuring limit on Ri—R» is 0.1 fps, D must be 
about 700 feet long. 


V. PROPAGATION CONSIDERATIONS 


An important factor to be taken into account in the 
design of any radio guidance system is the amount of 
degradation in the position and velocity information 
induced in the measured data by the nature of the 
atmosphere. (The term “atmosphere” will include the 
ionosphere for very high radar targets.) Deterioration 
of the radio signals occurs because of the spatial in- 
homogeneity of the atmosphere and its variation in 
time. The space variations taken alone result in statical 
or bias errors, while the time-varying or fluctuating 
components lead to rms errors. 

Several procedures are immediately suggested for 
minimizing these undesirable effects. These procedures 
will be outlined first and then treated in more detail. 
First, if measurements of the atmospheric parameters 
contributing to the radar uncertainties are made just 
prior to the time of interest, the statical errors can 
be fairly reliably calculated and hence compensated. 
Second, insofar as ionospheric phenomena are concerned, 
adverse radar effects can be ameliorated by the use of 
higher frequencies. Third, inspection of (2) shows that 
fluctuations in angular positions are decreased by using 
a larger baseline length D. And finally, the fluctuating 
components can be handled by smoothing the data over 
a period of time comparable with the fluctuation periods. 


A. Tropospheric Effects 


The determination of bias effects mentioned above 
is relatively straightforward. In the troposphere, the 
radar index of refraction, valid for frequencies at least 
up to 10 kmce, is given by 


77.6 
— 1)10¢ = —— 
(n — 1) 2 (+ 


where 7=temperature (degrees Kelvin), p=pressure 
(millibars), e,=saturation vapor pressure of water 
(mb), and RH=relative humidity. 

Thus, knowledge of the above parameters as a func- 
tion of altitude gives an NV profile. (This type of infor- 
mation is obtainable from radiosonde data.) The refrac- 
tion error is given by 


4810 
TT “.RIT) = N, say, (8) 


AE 


1 H 
cot E =| (19 — n)dh (radians) (9) 
HJ 
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Fig. 5—Nominal index of refraction vs height. 


or 


AE = cot E(m — %) (10) 


where H=the elevation angle, m»=the index at the 
radar level, »=the index at height h, H=the target 
height, and =the average index up to height ZH. 

Eq. (11) is based on a horizontally stratified atmos- 
phere above a flat earth. (The modification to the curved 
earth is minor.) The nominal behavior of with height 
is shown in Fig. 5. 

For high altitudes, (12) simplifies to 


AE = No cot — microradians 


(11) 


Values of No vary from 250 to 400, so that at a 10° 
elevation, say, AZ varies from 1.4 to 2.3 milliradians. 
However, No at a given site and a given time can be 
measured quite accurately at the ground so that the 
uncertainty in the correction AE can be reduced to a 
small fraction of a milliradian. 

Similarly the range error is given by 


AR (12) 


H 
csc Bf (n — 1)\dh = RN. 
0 
Since NV is approximately zero above about 100,000 
feet, the integration in (13) can be cut off there. Radio- 
sonde data show that up to 100,000 feet, NV is about 90. 
Hence the range error, looking vertically, is 


AR = 100,000 X 95 XK 10~* = 9 feet. 


This amount increases as the secant of the depression 
angle from the vertical. The error does not exceed 50 
feet until this angle reaches 80° (E=10°). Radiosonde 
data taken prior to launch would give an accurate 
estimate of z—1 and the residual error, after the cor- 
rection is made, should be a small fraction of the value 
given above. 

For the horizontally stratified atmosphere assumed 
above, there is no azimuthal refraction error. In prac- 
tice, however, horizontal gradients in temperature, 
pressure, and humidity can occur, and will give rise to 
an azimuth error. Experimental programs have shown 
that, in the main, these bias effects are of relatively short 
duration and that the important effects in the measure- 
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ment of azimuth are those due to atmospheric fluctua- 
tions. These are treated in Section V-C. 


B. Ionospheric Effects 


The index of refraction for radio waves in the iono- 
sphere is given by 


Ne 
n? = | — ——_ 
dr eqmf? 
80N, 
S402 (13) 
f2 
where NV.=electron density (meter), and f=fre- 


quency of the radio wave. 

Range and angular refraction errurs may now be 
calculated in the same manner as for the troposphere, 
using (13) for the index. Assumption of a resonable 
model for the ionosphere results in a refraction of from 
5 to 10 mr for a ray from a target at 20° and about 300 
km in height, for a frequency of 100 mc. At 1000 mc, 
the values are reduced by the square of the frequency 
ratio, z.e., 100-fold. Such values, then, are small com- 
pared with other sources of error. The range error look- 
ing vertically through the entire ionosphere (based on 
data obtained from moon-echo experiments) is less than 
60 feet at 100 mc. The error is down to 0.6 foot at 
1000 me. 

The above description of ionospheric effects has been 
greatly simplified. At lower frequencies (<100 mc), the 
effect of the earth’s magnetic field on electromagnetic 
waves cannot be neglected. The ionosphere becomes a 
more strongly doubly-refracting medium with the net 
result that the plane of polarization of the wave is 
rotated (the Faraday effect). Antennas have to be de- 
signed to accept circularly polarized waves if this effect 
is important. 

While ionospheric effects and baseline accuracies call 
for as high an operating frequency as possible, an upper 
limit is imposed by the amount of signal attenuation 
tolerable. Absorption due to the moisture content of 
the atmosphere increases with frequency. A 10-kmc path 
through a heavy rain would produce about 6 db of 
attenuation at a frequency of 10 kmc, while at 30 kmc 
the loss is about 55 db. Thus the desire for all-weather 
operational capability sets an upper limit of about 10 
kmc for the frequency. 


C. Fluctuating Effects 


Time variations in the index of refraction, while they 
may not contribute to the bias errors described above, 
will lead to mean-square errors and as such be com- 
bined with other independently arising errors. The 
physical basis for this type of noise is to be found in the 
dynamic character of the atmosphere. Fluctuations of 
pressure, temperature, and humidity, particularly those 
associated with clouds, are the contributing causes in 
the troposphere, while electron density variations are 
the causes in the ionosphere. Since the errors induced 
in range and range rate are negligible for any present 
svstems. only angular positions and rates are considered. 
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Fig. 6—Sketch of a nominal correlation function. 
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Fig. 7—Plot of standard deviation of angular 
position vs baseline length. 


From (2), an apparent angular shift in position will 
occur due to a shift in the phase difference of the rays 
arriving at two receivers from a distant source. If the 
spurious phase additions added to each wave are the 
same, they will cancel out in the subtraction process. 
In general, while these phases will not be the same, they 
will be correlated to a degree depending on the dis- 
placement of the two rays. Mathematically, the mean 
square phase difference between the stations 6¢? is 
related to the mean square phase variation 6¢;2 at a 
given station by the relationship 


dp? = 25,?[1 — C(D)] 


(14) 


where C(D) is the so-called correlation function and 
has the general shape shown in Fig. 6. The expression 
for the rms angular fluctuation then becomes 


APT r rare 
oe = Vag = —— V 259211 — C(D)}}”. 


27D oy 


The effect of the bracketed square-root term is to make 
the rate of decrease of error with increasing baseline 
length somewhat less than that due to the D~™ factor. 
This D- type of decrease is obtained only for large 
values of D. The general behavior of os with baseline 
length is shown in a log-log plot in Fig. 7. 

On this basis, os can be indefinitely reduced by 
choosing larger D’s. In practice, a value in the hundreds 
of feet will reduce os to hundredths of a milliradian. 

The fluctuations in @ can be treated similarly. The 
relationship between os and D is of the same nature 
as that shown in Fig. 7. In both cases, further reduction 
in the rms values can be achieved by lengthening the 
smoothing period. 

Within the scope of this paper we cannot discuss 
further the many additional propagation factors which 
must be considered in the design of a tracking and guid- 
ance radio system. The use of high frequencies (in the 
kilomegacycle region) obviate the necessity, for present 
accuracy considerations at least, of examining in detail 
the effects due to auroral activity, meteors, and other 
miscellaneous phenomena which can seriously affect 
lower frequency radio propagation. 
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VI. ORBITAL INSERTION ACCURACIES 


In this section, the accuracies with which a long 
baseline guidance system can insert a space vehicle into 
orbit are analyzed. The problem requires that the orbital 


insertion parameters Po, Vv , and 8 (distance from earth 
center, speed, and angle the velocity vector makes with 
the local vertical, respectively) be expressed in terms of 
the radar observables (see Fig. 8). Then variations in 
members of the former set of variables can be written 
in terms of the standard deviations of members of the 
second set. As members of this second set we take range, 
elevation angle, and their time derivatives. The assump- 
tion that the radar system lies in the orbital plane allows 
azimuth errors to be neglected. 


TE Horizon “°O7? 
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Fig. 8—Geometry of insertion of a space vehicle into orbit. 


Two specific examples will be considered, using 
hypothetical accuracies for the radar guidance system. 
These numbers do not represent the present state of the 
art, nor do they refer to any actual system. We shall 
assume that angular measurements can be made to 
within an accuracy of 1 mr (1 mr=0.0573°), range 
measurements within 100 feet, angular rates within 
10 wr/second and range rate within 10 feet per second. 
We have assumed a baseline about 5500 feet long so that 
the elevation angle chosen, viz., 10°, results in an effec- 
tive baseline 1000 feet long Modifying (2) to the form 


d NAP 
Ditch —— oa, 
ff 360 Q 
and assuming that ¢@ can be measured to 36°/second, 
results in the value of 10ur/second for 66 for \=0.1 foot. 
These data are summarized in Table I. 


TABLE 1 


Radar Observable Standard Deviation 


R—250 feet 
E—1 mr 
R—10 feet per second 


E—10 pr/second 


Range—R 
Elevation Angle—E 
Range Rate—R | 
Elevation Rate—E 
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Consider first the case relating to the insertion of a 
satellite into a 300 statute mile circular orbit. Choosing 
the range at insertion to be 1000 miles, the elevation 
angle turns out to be not quite 11°. The standard devi- 
ations of the orbital insertion parameters are derived 
in Appendix I and are stated simply: 


1 
= {or(R + asin FE)? + o,?(aR cos E)*} ue (16) 

po 

1 : : ; 
mV = { on?R? + on?(RE®)? + o%?(R?2E)?} 1? (17) 

0 
2?(RE2) Se (zR a eS ) 

“eee Vo? ae me acosé+ Rsiny 


V7a cos 0 


. 2 1/2 
RR)? a 77? 2 ; 18 
ie ale ecseeo) a (18) 


The values to be used for R and £ in (16)—(18) follow 
from the geometry of the assumed initial conditions. The 
circular velocity appropriate to the 300-mile altitude is 
about 24,800 feet per second and this, with the range of 
1000 miles, determines R = 24,400 fps and E=2.06 10-4 
rad/second. The earth central angle 6 turns out to be 
about 13°, making y(=£+6) about 24°. These consti- 
tute the values of all the quantities needed for substitu- 
tion into the above equations. The results obtained 
after performing the substitutions are 


= 4800 feet 
10 feet per second 
og = 2.3.mr = 0.13°?. 


q 
> 
o 

| 


q 

| 
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The numerical work shows that all of these results are 
quite insensitive to the value org =250 feet. This latter 
value can be increased by more than an order of magni- 
tude before it has any effect on the insertion errors. 

To see what the magnitudes of the insertion errors 
mean in terms of the subsequent orbit, Table II gives 


TABLE II 
ane Value Maximum Value of dp 
Algebraic Numerical 
dp/Apo 1+2 sin? 6/2 35p0 i 2.7 statute miles 
0p/0Vo Apo sin? 6/2/Vo 4p.5 V/Vo 7 statute miles 
dp/0B —po sin 0 ' pooB 10 statute miles 


the partial derivatives of the radius vector for a nearly 
circular orbit in terms of the central angle and of the 
three initial parameters already mentioned. For a deri- 
vation of the related equations, see Appendix II. The 
maximum variation of the radius vector is then given 
for the numerical values listed above. 

Some present-day systems are capable of doing even 
better than these figures indicate. 

Our second example deals with the guidance of an 
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ICBM into orbit. Again referring to Fig. 8, the same 
elevation angle at insertion is chosen as for the previous 
case, viz., 11°. The insertion height of 300 miles is 
somewhat high, so a lesser value is chosen of about 190 
miles or, more precisely, 10® feet. This results in a more 
reasonable velocity value, as is shown below. 

The tangential velocity po, if taken as 21,900 feet per 
second, yields the simple value of 10-? for 6. If the im- 
pact point is taken to be 90° away from insertion, a rela- 
tionship between po and pop is fixed (see Appendix ITI). 
This equation gives jo = 6.24108 feet per second. The 
rest of the parameters are then determined by the ge- 
ometry of the problem and are given for reference below: 
2.09 X 107 feet 
po = 2.19 X 107 feet 
h = 1.0 X 108 feet 
10-* rad/second 
po = 6.2 X 10° feet per second 
3.09 X. 10 feet 
2.28 X 10* feet per second 
1.62 X 10° feet per second 
10°45’ 

6.35 X 107° rad/second 
= 74°06’ 

O° ty! 

= 20". 
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The resulting standard deviations of the insertion pa- 
rameters are 


Op, = 34 feet 
oy, = 36 feet per second 
coo 1.0 mr. 
The important “miss coefficient” for an ICBM is the 


dispersion in miles at the target due to the initial errors. 
Table III presents these numbers for the particular case 


TABLE III 
Partial 
Deriva- Value Down-Range Miss 
tive 
0X /dpo 6.7 nautical miles/nautical miles 3.8 nautical miles 
@X/d6B |—3.4 nautical miles/mr 3.4 nautical miles 
@X/dVo| 1.21 nautical miles/fps 43.5 nautical miles 


chosen (see Appendix III for the derivations) and the 
down-range misses resulting when the above numerical 
values for the insertion dispersions are used. The symbol 
X is used for the down-range distance and for this case 
equals ra/2. 

The miss resulting from the velocity error is thus the 
dominant contribution to the total error. Examination 
of (17). reveals that for the values of the radar errors 
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here taken, oy, is very accurately given by one term 
only, v2z., 
= [R°E 
Oi. ot a= “L10 F |. 
0 Vo 


(19) 


Hence, to reduce the error resulting from this term, 
the bracketed quantity should be reduced. This is what 
is done in practice; security restrictions preclude our 
giving further specific information on this subject. 

The foregoing section has presented an idea of the 
kinds of radar accuracies required to perform two of the 
new space-age missions. As requirements for accuracy 
in guidance become more stringent, longer baseliness 
will be used. To be sure, this technique poses some dif- 
ficult problems, but it does possess the distinct advan- 
tage of throwing much of the burden on the geometry of 
the system rather than on the components. For this 
reason, long baseline guidance systems appear to offer 
distinct advantages over other guidance techniques. In 
principle, extremely long baselines stretching from the 
earth to an artificial satellite or even to the moon are 
feasible and will offer exciting possibilities for the guid- 
ance of interplanetary vehicles. 


APPENDIX I 


DERIVATION OF ORBITAL INSERTION ERRORS 
IN TERMS OF RADAR ERRORS 


Referring to Fig. 8, 


pot = R*?+ a? + 2cR sin E. (20) 
Taking differentials yields 
1 
dpo = — {6R(R+ asin E)+65EaR cos E} (21) 


Po 
whence 
1 
cal gate {or(R + asin £)? + ox?(aR cos E21 (22) 
Po 


which is (16) in the text. 
The velocity error is easily derived from the simple 
relation 


Vo? = R? + (RE)? (23) 
by taking differentials: 
sve = - |RdR + RE%R + R°KSE}. (24) 
This equation gives, immediately: 
oy, = . {oR?R? + on?(RE2)? + oi(R2E)?}1, (25) 


The standard deviation in the angle, 6, of the 
velocity vector is slightly more difficult to come by, but 
is also straightforward. From Fig. 8, 


tan B = pobo/Po 


st IRE TRANSACTIONS ON 


or 
Rcosy + REsin y 
~ Rsiny — RE cosy 


(26) 


tan 6 


Differentiation of both sides of this expression and sim- 
plification leads to 


D? sec? 868 = — SRRE + 5RER + 5ERR — byV? (27) 


where D is simply the denominator of the right-hand 
side of (26), viz., Rsin y—RE cos y. Taking the nomi- 
nally circular orbit, 8 ~90°, and sec? B becomes very 
large. But, noting that 


Rsiny — Ecosy p 


— 
DSeca— (gsi (28) 


cos @ cos 6 


then 68 reduces to 1/ V? times the right-hand side of (27). 
But in this equation, 6y must still be expressed in terms 
of differentials of the independent quantities. This is 
most readily done from the geometry of the problem. 
Some manipulation gives 


6Ea cos 8 + 6R cos y 
“i acos@+ R sin y 


oy (29) 


Substituting this expression into (27) and taking ac- 
count of (28), we obtain 


V? cos y 2 
; TR 
acos@+ Rsiny 


1 ; 
og = aye (RD 42 (eR ae 


: V2a cos 6 Z 1/2 
+ (RR)?on? + ( ; ) cet 
acos@+ Rsin y 


which is (18). 


(30) 


APPENDIX II 


EFFECT OF INSERTIONS ERRORS ON A 
SATELLITE ORBIT 


The equation of the Keplerian ellipse can be written 


as 
a ) 
B 


1 1 Yad. be 
= {1 | 2 sin? : 
p Po 2. poV 0? sin? 
— sin 6 cot at (31) 


where p is the radius vector, po is the initial radius vec- 
tor, uw is GM(=1.4024 X10" ft? sec), Vo is the initial 
speed, and the other terms have their previously defined 
meanings. Differentiating (31) with respect to po and 
substituting B =7/2, po Vo? =u, which hold for the circu- 
lar orbit, we find that 
Op 0 
oe =) sins 
Opo| p=r/2 2 
as listed in Table II. 
Similarly, by differentiating with respect to Vo, we 
find that 


(32) 
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0 i) 
i = 4py sin? — i: lacs (33) 
OV o| par/2 2 
Also, differentiating with respect to 8 gives 
0 
st = — po sin 6. (34) 
OB | p=n/2 


These results are also used in Table II. 


APPENDIX III 


Impact Errors OF AN ICBM DUE TO 
INSERTION ERRORS 


Taking the nominal impact point to occur for 6=90° 
(see Fig. 8), the analysis is considerably simplified. 
Range errors 6X will then be obtained from 6X =aéé, 
where a@=earth’s radius. This assumption corresponds 
to a range of 6200 statute miles (5400 nautical miles) 
from the burnout position of the last stage. For this 
case, (31) is more conveniently recast into the equiva- 


lent form 
1 b cos 8 sin @ 


p poV 0? sin? B 


po sin 8 


= (- eee ) 6 
cos 6. 
po  po'Vo sin® B 


At impact, p=a, and we have chosen @ at that time to 
be 90°. Thus 


(35) 


(36) 


where h=poV 5 sin 6, the angular momentum. 

For assumed values of po and 6) (and therefore h), 
(36) determines fo. This is what was done in the example 
discussed above. For a=2.09 X10" feet, pop =2.19 107 
feet, po =10-* rad/second, (36) gives fo = 6.24 X 108 fps. 
Also determined thereby is 6, from B =tan(p60/po) 
= Ate 

Taking partial derivatives of (35), we obtain first, 
after a little manipulation 


Je olen 
— = — (37) 
OVo Vou—hv; 
where Vi=pod0o=Vo sin 6 is the initial tangential 
velocity. Secondly, we get 
00 1 2u. cot B h 
cpa Co a 
op OV; Po LV 
and finally 
00 VoV;: ( 2 4 
ss COS One 9 
Apo RV AV oh 8) \ ) 


Substituting the numerical values for the velocity com- 
ponents and other terms assumed above and multiply- 
ing by the radius of the earth gives the miss coefficients 
listed in the second column of Table III. 
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